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1.0 Introduction 
Lattice-dynamical investigations provide a powerful tool for the determination of interatornic forces 
and chernical bonding in crystals. In general the extraction of, say, potential parameters from 
phonon dispersion curves, as determined experimentally, is possible with the help of model calcu-
lations only. Phonons which are cooperative excitations in many-body systems provide info-
rmations about interactions within the whole crystal. A quantitative interpretation of single 
phonons is therefore restricted to very simple crystal structures. In general, however, unambigious 
statements about interatomic forces require the knowledge of a good number of the phonon 
branches, at least in the symmetry directions. 
Often, the determination of phonon dispersion curves is a rather hard task since a crystal with :--I 
particles per unit cell exhibits as many as 3N phonon branches. The only experimental method 
which allows the detection of phonons at arbitrary points within the Brillouin zone is the inelastic 
neutron scattering. Again, model calculations are very useful and sometimes even necessary in order 
to fmd phonons experimentally since phonon intensities vary strongly from one Brillouin zone to 
another and are determined by the corresponding eigenvectors. For complex structures, model 
calculations and neutron scattering experiments are thus complementary. The detennination of 
interatornic forces in crystals requires both, the theoretical and the experimental approach which 
need to go hand in hand. 
The three-axes spectrometer UNIDAS at the FRJ-2 reactor at Jülich is available to extemal users 
and is especially designed to meet the requirements for phonon investigations. Details of this ma-
chine are described in the UNIDAS-Handbuch [1]. In the present paper we report on the com-
plement to this spectrometer, namely the computerprogram package U~ISOFT which allows to 
perform model calculations on phonon dispersion in general structures with up to 20 particles per 
primitive cell. 
VNISOFT has been developed in order to provide a tool for the optirnization of experiments as 
weil as for a ftrst interpretation of the results. Certainly, a generallattice-dynamical program cannot 
deal with the most complex models for interatomic interactions. Until now the standard models 
such as 
• Born-von Karmanmodel (longitudinal and transverse springs) 
• Bom-Mayer potential 
• Lennard-Jones potential 
• van der W aals potential 
• Coulomb potential (Ewald's method of summation) 
• shell model 
are implemented. The interaction between each pair of atoms can be chosen individually as an ar-
bitrary combination of these model potentials. More sophisticated models must be developed by 
the user and are beyond the scope of U0ISO FT as a universally applicable lattice-dynamical pro-
gram. 
Special attention has been paid to the handling of this program package by extemal users. Offering 
the possibility of a tailored interntornie interaction set-up for each individual substance under con-
sideration, the system is rather complex, of course. Cniversality of the programs, however, does 
not exclude an easy mode of operation. Thus, UNISOFT can indeed be used in combination with 
CNIDAS by experimenters which are not farniliar with details of lattice-dynamical calculations and 
the interpretation of phonon dispersion curves. This combination of software and hardware is able 
to simplify the determination of interatornic forces in crystals even for non-specialists. 
lntroduction 
Chapter 2 of this report briefly reviews the theoretical background of lattice dynamics in the har-
monic approximation along with group-theoretical considerations and symmetry constraints to the 
dynamical matrix. The response of a phonon system in neutron scattering experiments is also dis-
cussed. In section 3 the global structure of the program package is displayed before a detailed de-
scription of the individual programs is given in chapter 4. Section 5 deals with computer 
requirernents. Some possible extensions of this program system are discussed in chapter 6. In order 
to illustrate all information available with U~ISOFT, an example for a complete treatment of a 
crystal structure within this program system is presented in appendix A. Finally, a comprehensive 
list of all input cards, the alphabetical list of subroutines, the subroutine reference list and the list 
of symbols used in this manual are given in the appendices B, C, D and E. 
Concerning the notation, matrices are denoted by bold printed capital letters and vectors are re-
presented by bold printed lower case letters. 
2 U N I S 0 F T - A Program Package for Lattice Dynamical Calculations: User Manual 
2.0 Fundamentals of Lattice Dynamics 
In this chapter we give a brief summary of the theoretical basis used for 1attice-dynarnical calcu-
1ations. For a detailed treatment the reader is referred to the review articles by LEIBFRIED [2], 
COCHRAN and COWLEY [3], MARADUDIN and VOSKO [4] and the references therein. 
2.1 Lattice Dyna1nics in the Harmonie Approximation 
Lattice dynarnics in the harmonic approximation describes the modes of motion in a crystalline 
solid in the case of small disp1acements of the atoms from their respective equilibrium positions. 
If there are N particles per primitive cell and Ne cells per crystal the (time-dependent) position of 
the K-th atom (K = 1 ... N) within the 1-th primitive cell (1 = 1 ... Ne) is given by 
(2.1) 
r1 is the vector to the origin of the 1-th cell. ~~ and ~ denote the corresponding equilibrium values. 
The disp1acement of atom (Kl) is thus: 
u!Cl(t) = r1C1(t) - r~1 . (2.2) 
The Harniltonian for this crystal system may be represented by 
2 
H = LL ~ + LLLL V(Kl, K'l') , 
1C I 2m1C 1C IK' I' 
(2.3) 
m" and p"1 being the mass and the momentum of particle (K1), respective1y. V(K1, K1') is the inter-
action potential between particles (K1) and (K'1'). Three-body forces and higher-erder interactions 
are neglected. In equilibrium the secend term in equation (2.3) takes the constant value V0 • If only 
small disp1acements of the atoms from their equilibrium positions are considered the potential en-
ergy may be expanded in powers of u"'. Retaining the terms up to the secend order in the dis-
p1acements and dropping the constant V0 one obtains for the Harniltonian: 
H - 1 ~~ . 2 + 1 ~~~~ V( 1 '1') 
- 2._.:,.. mKuKI 2._ ... .;..._. UlCI K, K ulCT. 
1C I 1C IK' I' 
(2.4) 
All frrst-order terms vanish since the potential energy is minimized in the equilibrium position. For 
(K1) * (K'1'), V(Kl, K1') is the matrix of secend derivatives of the pair potential V(Kl, K1') taken at 
the equilibrium positions: 
, o2V(Kl, K'1') 
Vaß(Kl,K1)=- • • lr=ro,-ro. (2.5) 
craarß "'' "' 
- V(K1, K1') u""' is the force acting upon the atom (K1) when (K1') is displaced by u"'t'· Thus V is 
a force constant matrix. The self term V(Kl, Kl) describes the restering force if only atom (Kl) is 
displaced and all the other atoms are at rest. V(Kl, Kl) is not the secend-derivative matrix of a self 
potential but is given by: 
V(K1, Kl) = - L V(K1, K1') . (2.6) 
(1C'l')"' (1Cl) 
Equation (2.6) is a consequence of the fact that there cannot be a force on any atom if the crystal 
as a who1e is trans1ated. From equation (2.4) one obtains the equations of motion: 
m1Cü1Cl = - LL V(K1, K'1') u!CT. (2.7) 
1C'l' 
Fundamentals 3 
Salutions of this set of coupled differential equations are of the form: 
( 11 ") l ( I ") i(qr1 ± wqjt) u_ K qJ == e K qJ e 
- ~~miC 
(2.8) 
which are plane waves with wave vector q · and po_larization vector. e(K I qj) . Due to periodic 
boundary conditions q is restricted to a sequence of d1screte valu~s which, ~owever, are very close 
to each other. Thus, for practical work q can be treated as a contmuo~s vmable. F?r ~ach q there 
are 3N different modes of vibration or phonons represented by different polanzat10_n ve~tors 
e(K I qj) and frequencies cottJ (j == 1 ... 3N). The actual displacement of the atom (Kl) IS a linear 
combination 
u!Cl == LL [Aqju+(Kllqj) + A'qju_(Kllqj)]. 
q j 
Since u(Kl) is a real vector equation (2.9) can be transformed into: 
u!Cl == 1 LL -Q e(K I qj) eiqr, I . qJ 





are the Normal Coordinates. * denotes the complex conjugate. These normal coordinates deter-
mine the amplitude of the 1attice vibrations or, in other words, the number of phonans which are 
excited at a given temperature. The average values may be calculated by statistical methods (see 
section 2. 7). 
The Hamiltonian (2.4) can be expressed in terms of the normal coordinates as: 
l 0 2 2 
H = 2,, ~~ l I Oqi I + roqi I Oqi I 1 • ... q J (2.12) 
which is just the Superposition ofthe Hamiltonians of 3N independent hannonic oscillators for each 
q. 
The polarization vectors e(K I qj) and the frequencies roqj are obtained as eigenvectors and 
eigenfrequencies of the Fourier transformed force constant matrix multiplied by the square root of 
the masses: 
The (3 x 3) submatrices 
(2.13) 
are assembled within a (3N x 3N) matrix: 
(
D(1llq) D(lNiq)) 
D(q)= D(~1lq) ::: D(~Niq) (2.14) 
which _is _called the Dynam_ical Jiatrix. 1 I! should be noticed that the right hand side of equation 
(2.13) 1s mdependent of l smce only the differences r1• - r1 enter in V(Kl, K'1') as weil as in the phase 
factor. 
Collecting the polarization vectors e(K I qj) in an analogaus marmer: 
. ( e(l !qj)) 
e(qJ) == : 
e(:'--1 I qj) . 
it can immediately be seen from equation (7) that the following eigenvector equation holds: 
ro~i e( qj) = D( q) e( qj) . 
(2.15) 
(2.16) 
1 This is lhe. J?-definition of lhe Oynamical :VIatrix in lhe notation of MARADUDJN and VOSKO (4). An-
olher defimtwn, lhe C-definition, is obtained if lhe phase factors e•q(~· -~) are included. 
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C sually, the eigenvectors e{ qj) :.uc ~ ::o scn to be orthonormalized and to have the property: 
e" (qj) == e( -qj). (2.17) 
Once the Dynarnical :\latrix is known, the displacement pattern and the frequency of each of the 
3N phonans can be calculated. In~rection of the defmition, equation (9), Ieads to the fact that D 
must be hermitian and, consequcntly. the eigenvalues o:} are real quantities. 
For later use it is convenient to Lc'ltroduce the notation F(q) for the Fourier transformed force 
constant matrix which is built from the (3 x 3) submatrices F(KK'I q) in the sarne way as O(q) is 
built from D(KK' I q): 
F(KK'I q) :::: L V(K1, K1')e:qlr - r1). (2.18) 
I' 
The Dynarnical Matrix can no\v be expressed as: 
D( q) == :\I F( q) :\I - (2.19) 
where :\I is the diagonal matrix of :::c inverse square roots of the atornic masses: 
:\1aß(KK') :::: , 1 oaßo•oc 
.Jm!C 
(2.20) 
:Vlodelling the vibrational properties of a crystal within the harmonic approximation obviously 
implies the construction of the Dymmical :\latrix. There are several approaches which are com-
monly used: 
1. The force constants, i.e. the dcments of V(K1,K1'), are used as adjustable pararneters directly. 
Known as the Born-von Karman model. this approach is suitable only for cases in which short 
range forces dominate. Otherwise the number of model pararneters becomes too !arge. 
2. Interatornic potentials are put forward and the force constants are calcu1ated as second deriv-
atives of these model potentials according to equation (2.5). In the case of long-range poten-
tials, such as the Coulomb rotential, special tricks are needed in order to overcome the 
problern of s1ow convergence o! the Fourier series in equation (2.13) (Ewald-summation [5] 
or Bertaut-approach [6]). 
3. Other degrees of freedom such as the motion of electron shells may be introduced in order to 
simulate electrical polarization cr!~cts. 
:vtore complicated and sometimes sophisticated models have been devised for special crystals. Here, 
however, we restriet ourselves to rather simple interatornic force models which are applicable as 
standard models to a variety of di.i:Icrmt materials and which, therefore, are suitable for the use in 
a generallattice-dynarnical program like C);ISOFT. It shou1d be mentioned, however, that even 
on the basis of a few simple interarornic interaction types a rather complex mode1 set-up can be 
generated simply by combining t".\ o ~r more of these types. 
In the following, the three princ:p~u tpproaches for the construction of the Dynarnical :VIatrix are 
discussed in some detail. 
2.2 Born-von Kan::::uz nzodel 
In the Born-von Karman model ~i".e :·orce constants are treated as model pararneters. They are not 
interpreted in terms of a special :n:c:-atornic potential. Due to the symmetry of the force constant 
matrix each interaction is describc~ ·~y six force constants: 
V(Kl, K1') :::: c~ ~ ~) . 
c e f 
(2.21) 
Assuming the forces to be central t'crces, the number of pararneters is reduced to two, narnely the 
Longitudinal Force Constum 
d2V(Kl, K'l') 
L == 2 Ir= 
dr 
' 0 




Transverse Force Constant 
1 dV(Kl, K1') T=- I 1o o 1 r dr r= rK'I' - rKI • (2.23) 
In terms of these parameters the elements of V(Kl, K1') are: 
fclß 
v CLß(Kl, K'l') = (L - T)-2- + T o(.(ß 
r 
(2.24) 
where ra is the cartesian component of r = ~~· - ~~ in direction a and r is the modulus of r. 
Obviously, this description of interatomic forces is restricted to short-range interactions. These 
interactions can be visualized by springs. L corresponds to the ordinary longitudinal spring 
producing restoring forces if the distance between the atoms ( Kl) and ( K'l') is altered. T, on the other 
hand, corresponds to a transverse spring producing restoring forces if qne atom is displaced in a 
direction perpendicular to the bond. 
2.3 Explicit Interatomic Potentials 
If two types of atoms K and K' are coupled via a potential which can be formulated explicitly and 
which is valid over a certain range of interatomic distances then the force constants for all pairs 
(Kl) and (K1') can be calculated from this potential. In this case, the number of parameters is re-
duced and long-range interactions such as Coulomb forces are feasible. Several model potentials are 
commonly used and included in U~ISOFT: 
BORN-MAYER: 
LENNARD-JONES: 
(J + (J • 12 (J + (J • 6 
V )()(·(r) = V o [( IC r 1( ) - ( 1( r 1( ) I 
V cr + cr • 12 cr + cr . 6 
L = 6--.:?... [26 ( 1( 1( ) - 7 ( 1( IC ) I ? r r 
V cr + cr . 12 cr + cr . 6 T = - 6--.:?... [2 ( 1( !C ) - ( 1( !C ) I ? r r 
van der W AALS: 
(J +r:;. 6 
V)()(·(r) = - V 0 ( 1( r !C ) 
V cr+r:;.6 
L = - 42 - 0 ( !C 1C ) 
r2 r 
COULOMB: 
v . = z!Cz!C. 
1(1( 4m: r 
0 











The frrst three potentials are short ranged and the Oynarnical :\latrix can be calculated by direct 
summation according to equation (2.13). The Coulomb interaction, however, requires a special 
treatment since the series in equation (2.13) is non-convergent due to the fact that we are dealing 
with point charges. Replacing the point charges by charge distributions, however, the Fourier 
transform of the second derivatives of this potential can be given explicitly. For a Gaussian charge 
distribution, e.g., 
3 2 
P = Z e -pr 1( 1( 1t (2.35) 
as introduced by EW ALD [ 5], the Fourier transform of the second derivatives is: 
F0 (KK' I ) = zl(zl(, L (g + q)u(g + q)ß exp [ I g + q 12 1 exp [ig(r~ - r~')] . 
aß q f. 0 V g I g + q 12 4p (2.36) 
The summation runs over all reciprocal lattice vectors g and is rapidly convergent due to the 
Gaussian damping factor. v is the volume of the primitive cell.2 The overlap of the charge distrib-
utions of different atoms requires a correction term taking into account the difference between the 
potential of point charges and Gaussian charge distributions. This term c;an be written as: 
Voverlap( ) - ~/p zl(zl(, s.C() - px2d , r - ---- e x. 




The error function guarantees the corresponding Fourier series of the second derivatives being 
rapidly convergent in direct space: 
Foverlap( , I ) _ ~ iv~~;rlap(r) iqr I ß KK q - - ~ _ o o . (.( 1' or(.(ärß r-r>d- r<'l' (2.38) 
The parameter p which determines the width of the Gaussian charge distribution can be adjusted 
in order to optimize the convergence of both series, in direct and reciprocal space, sirnultaneously. 
The entire Coulombpart of the Fourier transformed force constant matrix is the sum: 
Fc(KK' I q) = F0 (KK' I q) + Foverlap(KK' I q). (2.39) 
The self term corresponding to V(Kl, Kl) which is not the second derivative of the self potential, as 
pointed out earlier, must be taken into account by: 
~(KK I q) = F0 (KK I q) + Foverlap(KK I q) - L [F0 (KK' I 0) + Foverlap(KK' I 0)]. (2.40) 
1(' 
lt is convenient to introduce the matrix of Coulomb coefficients C as: 
C(KK' I q) = z~lC' Fc(KK' I q). (2.41) 
C is independent of the atomic properties and is entirely determined by the crystal structure. De-
fming the diagonal matrix of the charges Z by: 
Zuß(KK') = zl( 8uß81C1C' (2.42) 
and collecting the full (3N x 3.N) matrix C(q) in analogy to equation (2.14), equation (2.41) can be 
rewritten as: 
Fc(q) = Z C(q) Z (2.43) 
and the Coulomb part of the Dynarnical :\'latrix is given by: 
Dc(q) = :\1 Z C(q) Z :VI. (2.44) 
Another method to deal with the Coulomb potential has been introduced by BERTA UT [6]. Here, 
the point charges are replaced by charge distributions which, on the one hand, are broad enough 
to guarantee a rapid convergence of the Fourier series corresponding to equation (2.36), but which, 
on the other hand, do not overlap. Charge distributions of this kind may be described by 
2 In numerical calculations q must not be set exactly equal to zero since then the q = 0 term cannot be 
evaluated. Due to the neglect of retardation effects very long phonon wavelenghts cannot be treated in this 
way. The r-point phonons are approximated in lattice-dynamical calculations by the consideration of 
small but non-zero wavevectors. The LO-TO-splitting is obtained as the difference of phonon frequencies 
if the r -point is approached from different directions. 
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polYnomials in 1 r - ~1 1 the coefficients of "':hi~h a;e. determined by the near~st neighbour dis~ tan~es. This method, however, is not used wrthin U i\ ISO FT. Therefore, details of the Bertaut 
approacharenot given here. 
2.4 Combination of Different Interactions 
Sometimes, a particular interaction between atoms of type K and K'. is to be des.cribed as ~ super-
position of several model potentials m. In this case, .the correspondmg submatnces D(K~ I q) and 
f(KK' 1 q) of the Dynamical Matrix and of the Founer transformed force constant matnx can be 
calculated as a sum 
D(KK' I q) :::: L o(m)(KK' I q) 
m 
F(KK'Iq) = L F(m)(KK'Iq) 
(2.45) 
m 
where D(ml(KK' I q) and f(ml(KK' I q) are entirely determined by t~e P.otent1al m. !he interaction be-
tween other atoms A. and A.' may be modelled by another combJ?-atwn of P.otentlals. ~hu~, for each 
individual crystal a very specific interaction set-up can be provr_ded. Th~ linear combmatwn of the 
different contributions D(ml(KK' I q) fmally gives the total dynarrucal matnx D( q). 
The model in which the Coulomb interaction is combined with the short range repulsive Born-
:VIayer potential for all atoms is known as the Rigid Ion Jlodel. 
2.5 Sltell J\1/odel 
In all models for interatornic interactions discussed so far, the atoms are assumed to be hard 
spheres. The existence of a deformable electron shell is neglected and, hence, effects due to elec-
tronic polarization cannot be accounted for. In a large number of crystals, however, the 
polarizability plays an important role and a proper lattice-dynamical treatment requires the con-
sideration of the motion of electron shells. 
The shell model introduced by DICK and OVERHA USER [7] provides one ofthe simplest methods 
to deal with this problem: Each atom (Kl) is divided into a sherically-symmetrical outer electron 
shell and a core consisting of the nucleus and the inner electrons. lf the shell and the core carry the 
charges y" and X", respectively' the total charge of particle ( Kl) is given by z" = X" + y" . In 
equilibrium, the shell is centered at the position of the corresponding atom core, ~1 • The shell may 
be displaced from the core and its momentary position is denoted by w<t . The electric dipole mo-
ment of the atom (Kl) is thus: 
(2.46) 
w"1 being the relative displacement of the shell with respect to the core w"1 = wx~ - ux~ . The 
electron shell can now be regarded as an additional particle interacting with neighbouring atoms and 
neighbouring shells. C sually, these interactions are described in terms of the rigid ion model: In 
addition to their Coulomb interaction, represented by the matrix of second derivatives yc, shells 
and cores are considered to be interconnected by (longitudinal and transverse) springs. The direct 
core-core interactions is treated just as in the preceeding sections. For each two atoms (Kl) and 
(K'l') the short-range coupling is illustrated schematically in Figure 1 on page 9. 
:\lathematically, the short-range interactions of the shell model are represented by the force constant 
matrices ysR(Kl, K'l') , vs(Kl, K'l') , VT(Kl, x'l') and V1 (xl, x'l') . ysR is associated with the direct 
core-core coupling as discussed previously. V5(Kl, K'l') describes the shell-shell interaction. 
VT(xl, K'l') is the force constant matrix for the coupling between core(Kl) and shell(K'l') and 
V'(xl, x'l') is the corresponding matrix for the interaction between shell(Kl) and core(K'l') of dif-
ferent particles (Kl) and (K1'). Obviously, the following equation holds: 
V~ß(Kl, K'l') = v&~(K1', Kl). (2.47) 
Special attention has to be paid to the the proper consideration of the self terms which are calcu-
lated according to equation (2.6): 
yT(Kl, Kl) = - L VT(Kl, K'l') (2.48) 
( IC'l') "I' (Kl) 
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Figure I. The interactions of two atoms according to the shell model. 
vT'(Kl, Kl) = L vT'(Kl, K'l') (2.49) 
(!CT) ;e (KI) 
V5(Kl, Kl) = - 'L V5(Kl, K'l') . (2.50) 
(!CT),.; (KI) 
~ote that vr and VT' do not include the coupling between core and shell within the same atom. 
This interaction is described by an extra force constant KK which may be represented by the shell 
charge Y < and the free ion po1arizability a<: 
y2 
K - IC 1C - --;:z-. 1C 
(2.51) 
Collecting all interactions visualized in Figure 1, the following equations of motion are obtained: 
For the cores: 
m1Cü1C1 = XIC'L'LVc(Kl, K1') [XlC·ulCT + yiC.wiCTl + 
and for the shells: 
IC'J' 
+ L [V5R(Kl, K1')u1CT + VT(Kl, K'l')wlCTI + 
(1C'J');: (JC!) 
SR T + KJCwJC! + [V (Kl, Kl) + V (Kl, Kl) - KJC] uJC1 
ffis w !d = Y JC LL VC ( Kl, K1') [XIC.uJC'l' + Y JC•W JC'!'] + 
'!' ~ 'L [VT'(Kl, K'l')uK'l' + V5(Kl, K'l')wJC'!'l + 
( lC'l') ;C ( 1Cl) 
T S r + KJCuJC! + [V (Kl, Kl) + V (Kl, Kl) - KJC] w!Cl. 
(2.52) 
(2.53) 
The mass m, of the electron shell is negligib1e compared to the ionic mass mK. Therefore, the 1eft 
hand side of equation (2.53) is approximately zero: 
(2.54) 
This condition is a mathematical formulation of the adiabatic approximation: The electron shell 
instantaneously occupies the position of minimum energy. Thus, equation (2.53) can be used to 
eliminate the shell coordinates w., from the equation of motion for the cores, equation (2.52). 
Adding equations (2.52) and (2.53) and replacing the shell coordinates w., by the relative displace-




Ac1 == Zx:II Vc(xl, x1') [Zx:·ux:'l' + Yx:'wx:'l'l + 
x:' l' I s 
+ II [V5 R(xl, x'l') + VT(xl, K'l') + yT (Kl, K'l') + V (Kl, K1')j ux:'l' + 
x:' l' 
+ II [VT(Kl, K'l') + V5(Kl, x'l')] wx:'l' + 
x:'l' 
T' T + [V (Kl, Kl) - V (Kl, Kl)j Wx:t. 
Equation (2.53) is transformed into: 
0 = Y x: II Vc(Kl, K'l') [Zx:'ux:'l' + Y x:'wx:'!'l + 
K:/11 
+ II [VT' (xl, K'l') + V5(xl, x'l')] ux:'l' + 
x:'l' 
+ :LI v 5(xl, x'l')wx:'t' + vT'(xl, Kl)wx:1 - Kx:wx:1• 
x:'l' 
The term 
- IIVc(Kl, x1')[Zx:'ux:'l' + Y x:'wx:·d 
x:' I' 
is the dynarnical part of the effective electrical field at the equilibrium position of atom (Kl). 
(2.55) 
(2.56) 
Remembering the procedure of section 2.1, the equations of motion ':I'e solve~ by plane waves for 
u as weil as for w. According to equations (2.8) and (2.15) one obtruns the etgenvectors eu and ew 
for the motion of the cores and of the shells, respectively, and the last two equations are trans-
formed into 3: 
o} eu == [:\<l(ZCZ + ~R + FT + yT' + ~)M] eu + 
+ [M(ZCY + FT + yS + F~, - F~):\1] ew (2.57) 
and 
0 = [(YCZ + yT' + ~)M] eu + [(YCY + yS + F~, - K):Vl] ew. (2.58) 
M being the mass tensor and C the matrix of Coulomb coefficients as defmed by equations (2.20) 
and (2.41). fSR , fT, fT' and fS are the Fourier transforms of ysR , vr, VT' and vs , respectively. Y 
and K are the diagonal matrices of the shell charges and the intraatomic shell-core force constants. 
FJ and F.f contain the self-terms of the shell-core and the core-shell interactions. Both matrices 
have a block-diagonal form and the (3 x 3) submatrices along the diagonal are: 
F~(KK) = VT(Kl, Kl) (2.59) 
and 
(2.60) 
It should be noticed that in cantrast to all other matrices appearing in the equations (2.57) and 
(2.58), fT and fT' in general are not hermitian. This is due to the fact that the interaction between 
core (Kl) and shell(K'l') is not necessarily the same as the interaction between core(xT) and 
shell(Kl). The hermitian conjugate matrix of fT' is given by: 
(FT')"'"" = yT + yT' -FT 
0 o. (2.61) 
Inspection of equations (2.57) and (2.58) yields that the effective short range contributions to the 
core-core, the shell-core, the core-shell and the shell-shell interactions are determined by the com-
binations 
and 
yCC = ySR + yT + yT' + y5 
ySC = F T' + yS , 
yCS = yT + yS + F~'- F~ = (ySC)+ 
3 F or simplicity, the arguments qj labelling the different phonon states are omitted. 





respectively. Cornbining the two equations (2.57) and (2.58), e..., can be eliminated and one fmally 
obtains the eigenvector equation for the rnotion of the ionic cores: 
o} eu = :\'1 [f"=e + ZCZ - (ySe + YCZ) + (ySS + YCY)- \ySe + YCZ)] :\1 eu. (2.66) 
Thus, by cornparison with equation (2.16), the total Dynarnical Matrix tums out tobe: 
D = :\I[ZCZ + Fee - (YCZ + ySe) + (YCY + ySS)- \YCZ + ySe)]:\1 (2.67) 
+ denotes the herrnitian conjugate rnatrix. 
Frorn equation (2.67) it can be seen that the shell rnodel requires a special treatrnent: The 
polarization term, i.e. the third term on the right hand side of equation (2.67) has the form of a 
herrnitian transformation in the 3~-dirnensional space. Thus, all (3N x 3l") rnatrices appearing in 
equation (2.67) rnust be set up as a whole before the total Fourier transformed force constant rna-
trix can be cornpleted. It is not possible to calculate the (3 x 3) subrnatrices D(KK' I q) individually. 
2.6 Constraints for the Elements of the Dynamical 
Nlatrix 
The nurober of rnodel pararneters rnay becorne rather large if a cornplex structure or a cornplex 
interaction set-up is considered. There are, however, constraints for the force constant rnatrix and, 
hence, for the model pararneters. These constraints arise frorn: 
• the condition of translational invariance 
• the condition of rotational invariance 
• the condition of zero strain 
• syrnrnetry transformations. 
2.6.1 Translational Invariance 
A rigid translation of the crystal as a whole does not affect the interatomic potentials. As a conse-
quence, there cannot be any force on any atom. In terms of the force constants this condition reads: 
LL V(Kl, K1') = 0 'V (Kl) . (2.68) 
K'l' 
Csually, this condition is used to determine the self term V(Kl, Kl) , as pointed out in section 2.1. 
2.6.2 Rotational Invariance 
Similarly, a rigid rotation of the crystal as a whole does not affect the interatomic potential. 
Formally, the force in the direction a acting on the atom (Kl) as a result of a rigid rotation araund 
the x-, y- and z-axes can be written as: 
f~(Kl) = LL [V ay(Kl, K'l')r~(K'l') - V az(Kl, K'l')r~(K1')] 
K'l' 
(2.69) 
f~(Kl) = LL [V az(Kl, K'l')r~(K'l') - V ax(Kl, K1')r~(K1')] (2.70) 
K')' 
f!(Kl) = LL [V ax(Kl, K'l')r~(K'l') - V ay(Kl, K1')r~(K1')] . 
K'l' 
(2. 71) 
The condition of rotational invariance requires that all of these forces vanish. 
In order to test a particular rnodel the sums in equations (2.69)-(2. 71) rnust be calculated nurner-
ically what rnay be difficult for long-range interactions. The invariance conditions can, however, 
be expressed by the Dynarnical ;\'latrix at small phonon wavevectors: Remernhering its defmition, 
Fundamentals ll 
equation (2.13), D(1CK' 1 q) may be expanded in a Taylor series of q. Retaining the frrst-order terms 
one obtains: 
--;,==~iq(r~. - r~)D( KK' 1 q) :: 




D'(KK' I q) = --;1:=::::==-i!iq(r~ - r~)D(KK' I q) 
~ffix:ffix:' 
8qx = (8q 0 0) 
8qy = (0 8q 0) 
8q2 = (0 0 8q) , 
the following equation is obtained for small 8q: 










fa(Kl) = -. 1- ~ [D' ax(KK'\8qy) - D' ay(KK'\8qx)J = 0. 
tÖq IC' 
(2.78) 
These sums can readily be evaluated, thus providing a test of rotational invariance. 
F or a system with centrat forces the matrix V can be represented by longitudinal and transverse 
force constants, equation (2.24). It can easily be shown that in this case the forces f~(xl) vanish 
identically and f~(Kl) is just the force in the direction a x ß acting on atom (Kl) if all atoms occupy 
their equilibrium positions. Thus, the condition of rotational invariance is equivalent to the pos-
tulate that we are dealing with an equilibrium crystal structure. 
2.6.3 Condition of Zero Strain 
A crystal in its equilibrium state must not have internal strains. The comparison of the rnicroscopic 
dynamics in the small q regime with the macroscopic description of elasticity leads to the following 
condition for zero strain: 
Ga.ß·t& = ~~~~ [V a.ß(Kl, K'l')(r~1 - r~'l')1(r~1 - r~'l')o -
lC l!C'l' 
- V.1s(Kl, K'l')(r~1 - r~'l')a(r~1 - r~'l')ß I 
= 0. 
(2.79) 
This equation can be expressed in terms of the Dynarnical :V1atrix at small q in analogy to the 
treatment in the preceeding section. Here, however, the second-order terms in the expansion ac-
cording to equation (2.72) are involved: 
Gaß·:'ii = - ~~~ [D'aß(KK'\oq1 + 8q8)- D'aß(KK'\öq,)- D'a.ß(KK'\oq8)-
uq KlC 
- D',.o(KK'Ioqcx + oqß) +D',s(KK'\oq(t) + D'.rs(KK'Ioqß)] 
= 0. 
(2.80) 
The condition of zero strain, however, is not used very frequently for lattice-dynarnical calculations. 
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2.6.4 Constraints Due to Symmetry 
Obviously, synunetry operations which transform the crystal into itself provide further constraints 
to the elements of the force constant matrix and of the Dynarnical :Vlatrix. Suppose, there is a 
symmetry operation (SI v)4 which sends the atom (Kl) into the atom ().m) and simultaneously the 
atom (K'l') into (l,'m') . Then the elements V(Kl, K1') and V(A.m, A.'m') are no Ionger independent 
but can be calculated from one another. By consideration of the whole symmetry group the 
number of independent interactions can be obtained. The list of these interactions can be used as 
a guide for a proper mode1 set-up. 
Forthose synunetry operations (SI v) which leave the phonon wavevector quasi-invariant: 
Sq=q+g (2.81) 
(g being a reciprocal1attice vector) the transformation of the Dynarnical :Vlatrix is given by: 
'(0 0 (0 0)) D(U' I q) = S D(KK'I q) e1q r, - rl' - 5 r K - r K' • (2.82) 
2. 7 A1nplitudes of Lattice Vibrations 
According to equation (2.10) the displacement of a particu1ar atom is given as a sum over the dif-
ferent phonon states (qj). In order to calculate phonon intensities as measured in neutron scattering 
experiments the amplitude of each 1attice vibration ( qj) at a given temperature has to be k.nown. 
Especially for the investigation of lattice vibrations with high frequencies or at 1ow temperatures, 
however, the quantum mechanical description is more adequate. The amplitude of a lattice mode 
is then obtained from the occupation probability of a phonon state. 
In terms of the normal coordinates Qqj, the Hamiltonian of the crystal system is given by equation 
(2.12) as a sumover the distinct and independent phonon states. Thus, each phonon state (qj) can 
be considered separately as a one-dimensional hannonic oscillator with respect to the normal Co-
ordinate Q'IJ: 
1 I . 12 2 I 12 Hqi = 2~ I Oqi + roqi Oqi l . (2.83) 
In quantum mechanical terms Qqj and Q'll correspond to the canonical conjugate Operators Q and 
P which, in turn, can be represented by the creation and annihilation operators a.,. and a: 
Q = ~(a~ · + a ·) CU CU 
J 
-~+ P = \J---:2--2- (a_qj- aqj). 
(Fora more detailed discussion see textbooks on quantum mechanics.) 
in equation (2.83) one gets: 
+ 1 Hqi = n roqi (aqi aqi + l). 
(2.84) 
(2.85) 
Inserting these operators 
(2.86) 
The expectation value of a + a is just the number of phonans r1.u with the energy n ro'IJ excited at a 
given temperature. n roqj/2 is the zero point energy. Phonons obey Bose-statistics, therefore 
< a- a > can be calculated as: 





The displacement operatorfor particle (Kl) is obtained from equations (2.10) and (2.11) by replacing 
the coefficients A.'ll and A~'ll by the operators ~ and a:'ll, resp.: 
4 In this notation S is the rotational matrix and v is a fractional translation defining the symmetry trans-
formation. 
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I iqr - iw t -'- iw'IJ t] u1Ci = ll e(K qj) e 1 [aqje 'll + a-qje . 
-; • q j "~mx: 
(2.88) 
The mean square amplitude of particle (Kl) corresponding to a single phonon state (qj) is given by: 
2 _ 1 ) n (2.89) 
< I ux:11 > - ( nqi + -2 , , . • l'"ffix:(l)q] 






2.8 Phonon Intensities in Neutron Scattering 
Inelastic neutron scattering is the unique experimental method for_ the _determination of phonon 
dispersion curves. Phonon intensities vary, how~v~r, from_ one Brilloum zone to the other, ~e­
pending on the particular eigenvector. Therefore, 1t 1s sometnnes ~ rather hard t~sk to de~ect speCJ.al 
phonans experimentally. In this case, lattice-dynamical calculat10ns may prov1de a glllde for the 
optimization of experiments. 
In neutron scattering experiments a monochromatized beam characterized by the wavevector ki hits 
the sample and one asks for the number of neutro:t;Is lea~in~ the s~ple with t~e wavevector ~ . 








(mn being the neutron mass). Due to resolution and normalizing effects the intensity does, in fact, 
depend on the special choice of ki and kr but the response of the sample itself can be described in 
terms of Q and (!). n Q and n (!) are the momentum and the energy, resp., which aretransferred to 
the sample during the scattering process and equations (2.91) md (2.92) are the laws ofmomentum 
and energy conservation. We will not give a review of the fundamentals of neutron scattering here. 
We only want to recall that phonans are collective excitations of the crystallattice and, hence, it is 
the coherent part of the scattering which carries the information about the distinct phonon states. 
For details the reader is referred to the literature, e.g.!8J. 
The calculation of phonon intensities, of the so-called dynamical structure factor, starts from the 
following expression for the coherent scattering function Sech which is proportional to the scattered 
intensity: 
Scoh(Q,ro) = ~JL2:LLbx:b;e-iQ(r~I-r~'l') < e-iQ(u"I(t)-u"'I'(O)) > dt, 
' lC llC'!' 
(2.93) 
where b" and b.c are the coherent scattering lengths of particles of type K and K', resp .. Using the 
results of section 2. 7 for the atomic displacements u of a harmonic crystal and expanding the phase 
factor in equation (2.93) in powers of u><~(t) - u<'I'(O) , one obtains after some calculation for the 
one-phonon scattering, i.e. the frrst-order terrn in the displacements: " 
5 Different from the convention followed i? the other parts of this manual, here the capital bold printed Ietter 
Q denotes a vector rather than a matnx. The reason for this inconsistency is, that in the Iiterature con-
cerning neutron scattering the scattering vector is almost exclusively denoted by Q. 
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ERRATA 
Cnfortunately, after printing some mistakes concerning the signs in several equations have been 
detected. The reader is asked to replace the following formulae: 
Equation (2.24) on page 6 should read: 
(2.24) 
Equation (2.52) on page 9 should read: 
m,AcJ = - Xl(:L:L Vc(Kl, K1') [Xl(·ulC'!' + yl(,wJC'!'l-
K'l' 
:L (V5R(Kt K1')uKT + VT(Kl, K1')wK'!'] + 
(JC'!')# (lCI) (2.52) 
+ Kl(wl(1 - [V5R(Kl, Kl) + VT(Kl, Kl) + Kl(] uKI. 
Equation (2.53) on page 9 should read: 
ms \v Kl = - Y l( :L:L Vc( Kl, K'l') [Xl(·uiC'!' + Y l(·w JC·d -
!C'l' 
(2.53) 
Equation (2.55) on page lO should read: 
- mlCüJC! = ZJC :L:L Vc(Kl, K1') [ZJC·u!C'l' + Y IC'w JC'!'l + 
!C'l' 
+ :L:L (V5R(Kl, K'l') + VT(Kl, K1') + vT'(Kl, K'l') + V8(Kl, K1')] uK'i' + 
IC' J' (2.55) 
+ :L:L [VT(Kl, K1') + V5(Kl, K1')] wK'l' + 
JC'J' 
T' T -+ [V (Kl, Kl) - V (Kl, Kl)] WIC!. 
Equation (2.56) on page 10 should read: 
o = YJC:L:L Vc(Kl, K1') [ZIC'uKT + YlC'wKTI + 
IC'i' 
+ :L:L [VT'(Kl, K'l') + V5(Kl, K'l')J ulC'l' + (2.56) 
IC'J' 
+ :L:L V5(Kl, K'1')wKT + vT'(Kl, Kl)wK1 + KKwlC!. 
IC'J' 
Line 10 on page 10 should read: 
LLVC(Kl, K'l')(ZJC•UK'i' + y IC'w!C'l') · 
K'J' 
Equation (2.58) on page 10 should read: 
0 = [(YCZ + FT' + lf)M) ~ + ((YCY + lf + FJ' + K)M) ew. 
Equation (2.65) on page 11 should read: 
rss = Jf + FJ' + K. 
(2.58) 
(2.65) 
In program !\~ an additional storage option. is included: Piease add the following line in the de-
scription of the input card l for program !\:\ on page 25: 
IDIR(3) = 0 (1) (no) storage of data. 
S( 1) (Q ) _ 1 ~"' s(qi)(Q ) coh • CO - ""'" .... ~ coh • CO • 
,">j q J 
S~'if6 being the partial scattering function due to the single phonon state (qj): 
b -w; S~~~(Q, CO)= (J)rf iL JC~ Q e(KJqj)J 2 • 
qJ 1C - I 
"mJC 
• {[nqi + 1]8(ro- roqj) + nqj8(ro + roqj)} ~ 8Q,g•q. 
(2.94) 
(2.95) 
e-wK is the Debye-Waller factor of particles of type K. The 8-functions on the right hand side of 
equation (2.95) reflect the energy and momentum conservation since the phonon (qj) carries the 
energy n co'li and the momentum n q. In periodic structures, the wavevector of excitations is always 
defmed modulo a reciprocallattice vector g. Therefore, every phonon can in principle be measured 
in every Brillouin zone g. This is taken into account by the sum over g in equation (2.95). Fur-
thermore, a phonon can be created or absorbed by a neutron corresponding to 8-peaks at positive 
or negative frequency. Obviously, the creation of a phonon is more likely than the absorption, since 
in the latter case the phonon must already be excited. The phonon intensity is thus larger at + rocu 
than at - rocu . The asymmetry of the spectra is given by the condition of Detailed Balance: 
I( coqi) 
I( - roqj) 
nqj + n (J) . 
= --- = exp(--q_J ) . 
nqj ksT 
(2.96) 
Phonons can, however, be observed only if their polarization vector e(qj) has a component in the 
direction of the momentum transfer. :Vlathematically, this is described by the dot-product Qe in 
equation (2.95). Thus, lattice-dynamical calculations which directly yield the frequencies and the 
polarization vectors can be used to predict phonon intensities which may be obtained in neutron 
scattering experiments. 
2.9 Tlze Symmetry of Lattice Vibrations 
The Dynamical :Vlatrix and its eigenvectors are functions of the atomic positions within the crystal 
and can thus be represented by symmetry-adapted functions. Since D is also a function of the 
phonon wavevector q the following discussion is restricted to symmetry operations which leave the 
wavevector invariant. These symmetry operationsform the group of the wave vector Gq which is a 
subgroup of the total symmetry group G0 • The symmetry adapted functions or symmetry coordi-
nates are the basis vectors for the various irreducible multiplier representations (I:VIR) of Gq. The 
eigenvectors of the Dynamical :Vlatrix can be represented as a linear combination of the symmetry 
coordinates of one single representation. Thus, the eigenvectors are labelled according to their 
symmetry. 
The transformation of the Dynamical :Vlatrix under the operations of Gq is given by equation (2.82) 
and provides a 3~-dirnensional (reducible) representation 1 3N of Gq, the set of 3::--; cartesian coor-
dinates generating the corresponding vector space. As a result from group theory, there is a finite 
number of irreducible multiplier representations Yi of Gq and 1 3N may be represented as the direct 
sum: 
13 ~ =I mi"i'i, 
i 
(2.97) 
m, being the multiplicity of Yi· Correspondingly, the 3N-dirnensional vector space is decomposed 
into several subspaces of lower dirnensions which are invariant under the Operations of Gq. A basis 
of each of these subspaces can be constructed by projector techniques as described in [4]. With 
respect to these new symmetry coordinates which arelinear combinations of the 3:\ cartesian Co-
ordinates, the Dynamical :Vlatrix is block-diagonalized. The dirnensions of the individual blocks are 
given by the multiplicity of the corresponding [\IR. 
Let x: be a 3::--;-dirnensional vector transforming according to the i-th I:VIR (1 ... m.). 
tors xj are pairwise orthonormal they form the set of symmetry coordinates: 
X _ ( I ffit I ) - XI ... XI X2 .•• 
The block-diagonalized Dynamical :Vtatrix is given by the transformation: 
Dx = X- 1 DX. 




Each block i of this matrix can now be diagonalized individually. All corresponding eigenvectors 
e;'< belang to the same I:V1R. Thus, the different vibrational modes are ~utomatic:llly arranged ac-
cording to their symmetry. The eigenvectors are retransforrned to cartestan coordmates by: 
(2.100) 
:Vlore detailed inforrnation about the group-theoretical analysis of lattice vibrations including 
time-reversal conditions etc. are gi.ven in the review article by j\1/ARADUDIN and VOSKO [4J. 
For the practical work with the program package UNISOFT, however, it is sufficient to know that 
there is a set of symmetry coordinates which provides the decomposition of the Dynarnical :Vlatrix 
and its eigenvectors according to different symmetries. These symmetry coordinates can be calcu-
lated simply on the basis of group theory for each crystal structure without any other assumption. 
2.10 Static Electrical Field and Gradients 
Within the framewerk of lattice dynarnics based on Coulomb interactions the static electrical field 
h and the field gradient Hat the position of any atom (Kl) may be calcu1ated. h is proportional to 




Obviously, H is close1y related to the matrix of Coulomb coefficients defmed in section 2.3: 
z -3 
H(K1) = L Zx·C(KK' I q-+ 0) - -" .J ]?_ I, (2.103) 
IC' 3c:o lt 
(I being the unit matrix). Note that the sum on the right hand side of equation (2.103) does not 
depend on the direction from which q = 0 is approached whereas the Coulomb coefficients itse1ves 
d? (~ee ~ootnot~ 2 <;m page 7 ). The second term is due to the self potential of the Gaussian charge 
dtstn~ut10n which ts used for the evaluation of the Coulomb coefficients (compare section 2.3). C 
contams the self term and H does not. 
The electrical field can be calcu1ated by Ewald's method in analogy to equations (2.34)-(2.39): 
. 2 
ha(Kl) = V~ ~ z!C, L ~ exp [ - 4g l exp [ig(r~ - r~·)J + 
0 IC' g I gl p 
(2.104) 
avov;rlap( ) 
+ ~~_1_ ICIC r I 
.:....:... Z ~ r- ro o . ~e'l' ~e' cra - <I- r,a 
Th~ last two ~quations allow to calcul~te electrostatic properties of crystals quite generally. Thus, 
latt~ce-dynamtcal. methods can be applied not only to phonon investigations but also to other ex-
penmental techniques such as nuclear quadrupole resonance etc .. 
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3.0 Structure of UNISOFT 
The program package UNISOFT allows to perform a lattice-dynamical treatment of crystals with 
up to 20 atoms per primitive cell. There are no restrictions on crystal symmetry and structure and 
phonon wavevectors can be chosen arbitrarily. At present, U~HSOFT consists of nine individual 
programs written in FORTRAN IV and running on the IBM 3033-U12 computer at the Nuclear 
Research Center Jülich. In particular, these programs deal with the following topics: 
Program T opic 
GROUP Group-theoretical analysis of the crystal structure 
!ND Determination of independent interactions 
NN Neighbourhood analysis of each atom in the crystal 
.l10DELJ Model calculations 
HIST 
SF 
Histogram of dispersion curves 
Dynamical structure factors 
PARDER Partial derivatives of phonon frequencies 
ROTINV Test of rotational invariance 
EFG Electrical fields and their gradients. 
The individual programs communicate with each other via four different disk-datasets: 
COORD contains inforrnations about the space group of the crystal and about the group of the 
wavevector for every q selected as well as the symmetry coordinates. 
INDDA T contains the number of independent interactions and for each of these a representative 
pair of atoms. 
XNN contams for each pair of atoms the vectors for up to the 10th nearest neighbours ar-
ranged in neighbouring shells (pair correlation vectors). 
RESULT contains the results of model calculation including the matrix of Coulomb coefficients, 
eigenvectors and eigenvalues. 
Figure 2 on page 18 displays the structure of U:--IISOFT and the communication between the 
different programs. Obviously, for a given crystal structure the programs f.\D and :\~ need to be 
run only once. GROL"P, however, has to be invoked whenever a new set of phonon wavevectors 
is considered since the symmetry Coordinates depend on q and are needed in subsequent programs. 
GROt:P has been developed by WARREN and WORLTO:Y [9]. It has been slightly modified in 
order to be compatible with the communication features of UNISOFT. All the other programs 
have a rigorous modular structure. They are tailored on the basis of rather small subroutines each 
of which deals with a very specific task. Therefore, some of the subroutines can be used in different 
programs. A complete list of all subroutines used within U:SISOFT is given in appendix C. The 
modular structure of UNISOFT offers the possibility to extend this program package rather easily. 
Thus, in existing programs new features may be irnplemented such as new interaction potentials in 
:\tODELl. On the other hand, separate new programs may be added which make use of previous 
results and which may contain one or more of the existing general subroutines. Examples for pos-
sible extensions are briefly discussed in section 6. 
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Structure 
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Group Theory ~r Structural Data 






































_Coulomb Coefficients __,. 
Eigenvectors 
Eigenvalues 
In the following chapter, a detailed description of the purpese of each individual program is given 
along with the instructions for use. 
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4.0 
4.1 GROUP 
Detailed Description of the Individual 
Programs 
4.1.1 General Purpose 
The program GROUP performes a group-theoretical analysis of a given crystal structure. It is de-
scribed in detail by WARREN and WORLTON [9]. Here, we only want to give a short review of 
the facilities of this program which are important for subsequent lattice-dynarnical calcu1ations. 
GROt:P has been slight1y modified compared to the original version of WARREN and 
WORLTON in order to meet the requirements for the communication with the other programs of 
lJ~ISOFT. 
The theoretical foundation of GROL"P is the review article of MARADUDIN and VOSKO [4] 
where the symmetry constraints for the 1attice vibrations are investigated in a general way. 
Given the basis vectors of the primitive cell and the position vectors of a/1 atoms within this cell, 
the program determines the symmetry operations transforming the infmite crystal into itself, i.e. the 
space group of the lattice. If desired, the atom transformation tab1e and the multiplication tab1e for 
the symmetry operations are printed. 
The set of phonon wavevectors q for which lattice-dynarnical calculations are to be performed is 
selected in GROlJP. Foreach value of q the point group Gq of the rotational parts of symmetry 
operations which leave q invariant (modu1o a reciprocal1attice vector) is determined along with the 
set of irreducible mu1tiplier representations (I:\1R) of Gq. 
For ~ atoms per primitive cell the vector space of the 3~ cartesian coordinates provides a 
3N-dimensional representation 13:--~ of Gq according to equation (2.82) on page 13. This represen-
tation may be written as a direct sum of several of the irreducible representations "Ii: 
['3N = ~ffiiYi· 
i 
(4.1) 
The multiplicity IIl; of the i-th I:VIR in this decomposition is given by the characters x of r and x, 
of1i: 
mi = b ~ xt' (g) x(g), (4.2) 
where G is the order of Gq and the sum runs over all elements g of Gq. Basis vectors for the corre-
sponding invariant subspaces are found by projector techniques as described in [4]. These so-called 
Symmetry Coordinatesare used fortheblock diagonalization of the Dynarnical :Vlatrix as discussed 
in section 2.9. By diagonalizing the individual blocks of the Dynarnical \latrix separately, the 
eigenvectors will be arranged automatically according to their symmetry. 
The form of the symmetry-reduced Dynarnical \latrix can be obtained without a specific lattice-
dynarnical model simply from group theory: The number of independent elements of the Dy-
narnical :V1atrix is given by: 
n = + ~ mi(mi + I) 
I 
(4.3) 
as a direct consequence of the irreducible decomposition. This number rnight, however, be further 
reduced if there is a symmetry operation which transformes q into -q since D( - q) = D" ( q). 
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:'\umerically, independent elements can be found in the foilowing way: Starting from a random 
hennitian matrix all the symmetry elements of Gq are applied according to equation (2.82). Com-
paring the resultant and the original matrices, those elements which have to be identical are detected 
as weil as those which have to be zero. Thus, representing different elements by different alpha-
betical symbols and zero elements by a dot (.), a symbolic symrnetry reduced Oynarnical .\1atrix is 
obtained. This reduction, however, may be incomplete since the computer does not realize if two 
elements are lin.ked by a weil defmed factor such as l/2, 2, - 1, .J 3/2 etc.. Nevertheless, the 
symbolic form of the (partially) reduced Dynarnical Matrix which is calculated in GROUP may 
provide some feeling for symmetry constraints since this matrix is defmed with respect to the 
cartesian particle coordinates. U sing the symmetry coordinates, the symbolic matrix is transformed 
into a block diagonalized form. This representation, however, may be less illustrative since it is 
defmed in the vector space of the symmetry coordinates. 
For the 1 -point (zero wavevector) Gq obviously is the whole point group of the lattice. The se-
lection rules for Raman and infrared active modes are determined by symmetry and, hence, can be 
detected simply by the application of group theory. 
:'\ote that in systems with Coulomb interactions lattice-dynarnical calculations cannot be performed 
exactly for q = 0 without taking into account retardation effects (c.f. footnote 2 on page 7). In these 
cases, 1 -point modes are calculated by considering very small but non-zero wavevectors oq. The 
group-theoretical treatment, however, should be based on the whole point group of the lattice even 
if, strik-tly speaking, oq is of lower symmetry. Consequently, all wavevectors with moduli smaller 
than 0.00 LA -t are interpreted within GROUP as being zero. 
4.1.2 The Position of GROUP within the Framework of UNISOFT 
In a lat~ice-dynamical treatment _of a crystal structure GROUP has to be invoked as the ftrst pro-
gram. Smce the symmetry coordmates depend on the phonon wavevector q the program GROUP 
also has to be run whenever a new set of q-values is selected. 
The structural p~ameters i?cluding the position vectors of all atoms per primitive ceil and the 
symmetry operat1ons are wntten on the disk dataset COORD (logical unit 1). Foreach value ofthe 
ph~non wavevector the irreducible representations and the corresponding calculated symmetry co-
ordmates are saved on COORD as weil and can be used by other programs. 
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4.1.3 Input 
Card I Comment 
This comment is used as a header for 
the printed output. 
Card 2 :\TA, IP,l, IDC, NCC, :\X 
~A = Number of atomsperprimitive cell ( s: 20) 
IP:\1 = 1 if printing of multiplication 
table of the space group is desired 
IDC = 0( 1) if the D-( C)-defmition according to 
!v/ARADUDIN and VOSKO ofthe 
Dynarnical :Yiatrix is to be used 
(see footnote 1 on page 4) 
In order to be compatible with other 
prograrns of UNISOFT use the D-defmition, 
IDC = 0, alwavs! 
~CC = Number o( comment double-cards given below 
NX = :\umher of additional atoms (outside the 
primitive cell) the positions of which will 
be given to make sure that the space group 
of the crystal will be determined correctly. 
In most cases NX can be set to zero. Only 
if the proper space group is not found it 
may be necessary to use NX > 0. 
Card 3 (NA:\IE(I), I= 1,NA) 
NA..\1E(I) = symbolic narne for atom I (in general 
the chemical symbol) which is used 
to provide a more illustrative output 
Card 4 Comment 
NCC (double cards) offormat [33A4] 
providing more detailed information about the 
structure under consideration 
Card 5 ((A(I,J), I= 1,3), J= 1,3) 
A(I,J) = I-th cartesian coordinate of the 
J-th basis vector of the primitive 
cell in the direct space in A 
Foreach of the NA + NX atoms one card of the 
following type must be given: 
Card 6 TY, (X(I), I= 1,3), J:\'1 
TY = type number of the atom 
This pararneter is used to distinguish 
between different kinds of atoms. 
Symmetrical equivalent atoms obviously 
are of the sarne type. This is, however, 
not necessarily the case for all chemically 
identical atoms: Rather, atoms which are 
expected to have different interaction 
pararneters have to be of different types. 
X(I) = I-th cartesian coordinate of 
the position vector in A 
J:\1 = 1(0) if the unit is a molecule (atom) 
Since in the present version, UNISOFT 
deals with atomic structures only, 
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Card 7 (QS(I), I= I ,3) . [3FI0.5] QS(l) = 1-th cartesian coordinat~ m A-t 
of a vector QS used for scaling 
wavevector input. 
If QS(I) = 0 wavevectors are scaled 
according to the intersection of 
the cartesian axes with the 
Brillouin zone boundary 
(not exactly in the case 
of more complicated structures -
check by yourself!). 
Card 8 :SIR, IT [215] 
Control card: 
~IR = 0 program stop . 
= 1 program contmue 
= -1 program restart 
IT = 0,1 , ... 8 contro1 parameter for output list 
A 1arger value of IT corresponds to more 
printed informations. Please, check by 
yourself the effect of IT. 
Card 9 Comment [18A4] 
For each value of the phonon wavevector a 
separate comrnent can be given. 
Card 10 (Q(I), I= 1 ,3) [3F10.5] 
Q(I) = 1-th cartesian coordinate of the 
wavevector in units of QS(l) or 
in units of the zone boundary 
(see card 7) 
You may continue the input by giving the cards 8.- 10. for other values of Q. The program stops 
reading further input cards if it detects a card of type 8 with NIT = 0. 
4.1.4 Output 
The extent of the printed output is detennined by the parameter IT (card 8). For larger values of 
IT even intermediate results during the detennination of irreducible representations are printed. 
The user is recomrnended to try the different possibilities of output control by himself. 
If GROL"P is run for the frrst time for a given structure the results of the space group deterrnination 
shou1d carefully be examined. In some cases it might be necessary to give coordinates of additional 
atoms outside the flrst primitive cell in order to make sure that the program will fmd the correct 
space group. 
An example is given in appendix A.l, page 53. 
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4.2 IlVD 
The program ~D determines the number of different types of atoms and the independent inter-
actions in a crystal which has been detined by the input of the program GROl"P. As pointed out 
in section 2.6.4 a list of independent, i.e. symmetrical inequivalent, interactions as produced by f.\D 
may serve as a guide for a proper set-up of a lattice-dynamical model. This is especially useful for 
more complicated structures since a multiple (and perhaps inconsistent) defmition of the same 
interaction can easily be avoided. 
~D has to be run only once for a given structure. It does not need any user input but reads the 
structural information from the disk-dataset COORD (logical unit 1). Thus, GROUP has to be 
run first. The output is printed as weil as stored on the ftle L\DDA T (logical unit 3) for further 
use by subsequent programs. An example is given in appendix A.2, page 60. 
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4.3 NN 
4.3.1 General Purpose 
The program ~-;'lol' analyzes the neighbourhood of each atom ii_l the primitive cell .. since the c~cu­
lation of a Dynamical Matrix requires the evaluation of a latt1c~ sum corr~spond~g to equat10ns 
(2.18) or (2.38) it is convenient to arrange the neigh?ours of a g1ven atom m .sphencal shells. T~e 
lattice sums are rapidly convergent and only near netghbours need to be constdered. Foreach parr 
of atoms K and K' up to 10 neighbouring shells are exarnined: i.e., particles K' in different primitive 
cells 1' are arranged according to their distance with respect to atom K in cell 0. All atoms KT which 
exhibit the same or nearly the same distance are said to belong to the same shell ( see Figure 3 on 
page 25). Obviously, the interactions between K and all atoms K' within a shell are identical at least 
for central force models. 
The program ~ lists the difference vectors r,0 - r,.1• for all atoms within these shells. In parallel, 
the data are stored on the disk-dataset X:\TN. Subsequent programs like :\IODELI, PARDER or 
EFG make use of the ordered arrangement of the atoms: The lattice sum of equation (2.18) is re-
placed by the sum over all particles of the frrst neighbouring shells. Furthermore, for complicated 
structures also the set-up of a lattice-dynamical model itself is simpl.ified using the results of :\~: 
Since ~ essentially determines the pair-correlation one can irnmediately select the most important 
interactions which have to be specified in the model. In slightly distorted structures, e.g., often two 
or more shells are rather close to one another. Thus, the neglect of interactions with atoms of one 
of these shells can lead to unreasonable results. 
The number of atoms K' which are located at a given distance from an atom K defmes the partial 
pair-correlation function. The program 1'1-;'lol' offers the possibility to display this correlation function 
as a histogram plot. Remernhering that several atoms within the primitive cell might belang to the 
same type, it can be even more illustrative to plot the type-dependent correlation function, i.e. the 
number of particles of the same type located at a given distance. 
The number of shells tobe examined foreachpair of atoms K and K' can be chosen between 1 and 
10. The thickness of the shells is given in A. Note, however, that both parameters have to be se-
lected in a way to guarantee that the number of atoms per shell does not exceed 30! 
4.3.2 The Position of NN within the Framework of UNISOFT 
:\TN needs to be run only once for a given structure. The structural information is read from the ftle 
COORD (logical unit 1). If a plot of the type-dependent pair-correlation function is required the 
information about the different types of atoms is read from INDDAT (logical unit 2). Thus, 
GROUP and IND have to be run frrst. The distance vectors of all atoms in the shells exarnined 
are written on the disk-dataset X:."'N (logical unit 3). These data provide the input for other pro-
grams like :\IODELl, PARDER or EFG. 
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Figure 3. The concept of neighbouring shells: 
Atom K in cell 0 ( •) surrounded by atoms K' in different cells Ii\ ... ( o ). 
4.3.3 Input 
Card I (IDIR(I), I= 1 ,3) [315J 
Output Control: 
IDIR(l) = 1 (0) with (without) printout 
IDIR(2) = 0 no histogram of pair correlation function (pcf) 
IDIR(2) = 1 histogram of atom specific pcf 
IDIR(2) = 2 histogram of type specific pcf 
Card 2 :-..~s 
(may be useful if several atoms 
within the primitive cell belang 
to the same type) 
:\:\S = maximum number of shells to be examined. 
:\~S ::; 10 and ~~S has to be chosen 
in a way to guarantee that the number of 
atoms per shell is not larger than 30. 
[15J 
K'l· J 
Card 3 DELTA, D:\IAX [2F10.6j 
DELTA = thickness of a shell in A 
D:VtAX = maximumshell radius in A for histogram-plot 
4.3.4 Output 
The output may become rather voluminous especially for more complicated structures with many 
particles per unit cell. An excerpt of an example is given in appendix A. 3, page 61. 
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4.4 NIODELI 
4.4.1 General Purpose 
The program :\IOOELl calculates phonon ~reque?-cies and ejgenvectors for the particular structure 
analyzed in the preceeding programs GROLP, ~p and ::\~. It can thus be regarded as the heart 
of C:\"ISOFT wheras the other programs are auxiliary routmes. The phonon wav~vectors are cho-
sen arbitrarily in GROt:P since the group-theoretical treatment, i.e. the calculat10n of symmetry 
coordinates, depends on q (see section 2.9). 
A lattice-dynamical model set-up requires the specification of all (pair-) ~teracti~ms wit~ a par-
ticular structure. In most cases, interactions (other than Coulomb mteract10ns) will be restncted to 
near neicllbours. Sometimes, force constants may be calculated from interatornic potentials, but 
if a reliable potential does not exist, e.g. for covalent bonds, the force constants itselves are con-
sidered as model parameters (Born-von Karman model). In the latter case, the number of model 
parameters may become rather !arge if more neighbouring shells are taken into account. The es-
sential feature of :\IOOELl is the fact that the interaction between each pair of atoms can be 
modelled individually by selecting one or more of the following interaction types which are imple-
mented presently: 
l. Born-von Karmanmodel (longitudinal and transverse springs) 
2. Born-:Vlayer potential 
3. Lennard-Jones potential 
4. van der Waals potential 
5. Coulomb potential 
6. shell model. 
This Iist may be extended rather easily if necessary. The combination of different interactions for 
different pairs of atoms allows the set-up of very specific force models. 
The variety of different models which may be calculated with :\IOOELl does not necessarily Iead 
to a complicated mode of operation. Rather, a formalism is found which reduces the required 
number of input cards as much as possible and, hence, facilitates the use of this program. 
The theoretical basis of :\IOOELl is discussed in chapter 2. Here, we only want to give some ad-
ditional informations which are irnportant for numerical calculations. The entire model is com-
posed on the basis of pair-interactions. Since we deal with central forces, the interactions bet\veen 
two pairs of atoms belanging to the same neighbouring shell are assumed to be identical. This is 
detinitely true if longitudinal and transverse force constants are deduced from a specific interatornic 
potential. \Vhenever an interaction is described by atom-specific parameters like a short-range 
repulsion parameter cr (Born-Mayer potential), acharge Z (Coulomb-potential) or a polarizability 
a (shell model) the same parameter applies to all atoms of the same type as defmed in GROLP. 
The range for the validity of a short-range interaction type is always given in numbers of 
neighbouring shells since these have already been analyzed by NN . 
. -\s discussed in sections 2.1 and 2..+ the Dynamical :\latrix and the Fourier transformed force con-
stant matrix can be collected from (3 x 3) submatrices O\m'(KK'I q) and fim'(KK'I q) , respectivelv, 
which describe the interaction between particles K and K' according to the interactiontype or mod~l 
potential m. The shell model, however, requires a hermitian transformation of the full (3N x 3~) 
mat~ces. Here, the Fourier transformed force constant matrices fS and fl, resp. FT , as defmed in 
sectlon 2.5 must be treated separately and these, in turn, can be collected from small submatrices. 
Thus, the problern of constructing a Dynarnical :VIatrix is reduced to the calculation of the sub-
matrices F(KK'I q) , ~(KK'I q) , fl(KK'I q) and C(KK'I q)6 . We can restriet ourselves to those pairs 
of_atoms K and K' w~ch correspond to one of the independent interactions determined by program 
L\0. Other submatnce~ ~e calculated by means of the transformation (2.82) and, since the matri-
ces F and fS are hemutlan, F(K\:: I q) , fS(K'K I q) and C(K'K I q) are obtained immediately. f1 , 
6 In the present context, F denotes that part of the Fourier transformed force constant matrix which does 
not contain polarization etTects. 
26 U :"! I S 0 F T - A Program Package for Lattice Dynamical Calculations: User :Hanual 
however, may be non-hennitian. Therefore, another independent submatrix, namely P(K'K I q) is 
considered in the program. 
Inserting all these small matrices into the full (3:-.1 x 3N) matrices and calculating the self terms ac-
cording to equation (2.6) from the condition of translational invariance, the Fourier transformed 
force constant matrices are obtained. If the shell model is used, fmally the transformation of 
equation (2.67) is performed and the resultant matrix is combined with F and multiplied by the 
mass tensor to give the complete Dynarnical :\tatrix. 
The Coulomb potential is long-ranged and the corresponding part of the Dynarnical :Vtatrix is re-
presented by rapidly converging series in direct and reciprocal space according to EWALD [51 as 
discussed in section 2.3. The maximal radius rmax for the summation in direct space can be given 
as input. The Ewald-parameter p corresponding to the width of the Gaussian charge distribution 
(see equation (2.35)) is calculated from rmax by 
I-
X = r max yl p = 4.17 (4.4) 
as proposed by N ÜSSLEIN [9]. This choice is convenient since both d(l.Illping factors entering in 
the two series are sufficiently small for this value of x: 
2 
e-x=2.810- 8 and 1-erf(x)=3.810- 9 . 
The program checks whether the choice of rmax is suitable or not: First, rmax should not be too large 
in order to be able to use the results of program :\"7'\; i.e. rmax has to be smaller than the radius of 
the last neighbouring shell exarnined in :\"7'\. Second, if two neighbouring shells are very close to 
one another, the consideration of only one of these shells may lead to wrang results. In this case, 
rmax will automatically be reduced until a gap of more than 0.5 A between two shells is reached. If 
the corresponding radü are dn and dn.,. 1, rmax is calculated as: 
(4.5) 
The actual values used within a calculation can be printed if desired (see control parameters, section 
4.4.7). 
~ote that the phonon wavevector must not be set exactly equal to zero if Coulomb interaction is 
used ( see footnote 2 on page 7 and section 4.1.1) 
If the Dynarnical :Vtatrix is completed, the symmetry coordinates deterrnined in GROL"P are used 
for the block-diagonalization according to equation (2.99). The diagonalization of the individual 
blocks yields the eigenvalues and eigenvectors. The latter are retransformed to the cartesian coor-
dinate system by multiplication with the symmetry coordinates (equation (2.100)). 
4.4.2 The Position of 1\tiODELl within the Framework of UNISOFT 
\IODELI is the central program of C.:\ISOFT. It uses all the results of programs GROL"P, f.\0 
and :\~ which have to be run frrst. The data are read from the flies COORD (logical unit 1), 
1:\"DDAT (logical unit 3) and X:\-:\ (logical unit 4). The calculated Dynarnical \latrices. Coulomb 
coefficients, eigenvectors and eigenvalues may be stored on the disk-dataset RES CL T (logical unit 
2), if desired. Via this dataset the results of the model calculation can be transferred to other pro-
grams lik.e HIST, PARDER or SF. 
4.4.3 The Structure of 1\tiODELl 
A schematic block-diagram of \IODELI is given in Figure 4 on page 28. 
Obviously, the most specific and complex work is clone in the two subroutines GETPAR and 
DY.:\2. These routines dealing with the defmition of the model and with the set-up of the Dy-
namical :Vlatrix, respectively, are therefore discussed in separate sections. All the other blocks in 
Figure 4 represent rather simple activities and need not be described in detail. For the 
diagonalization of the Dynamical \latrix the standard 1\tSL routine EIGCH is used which is em-
bedded in subroutine EIGE:\". If necessary, it can easily be replaced. 
A complete list of all subroutines is given in appendix C. 
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Input from Otsk ( Read Structural Data SR GE TXX 
Input from Disk ( Read Information About Independent lnteractions 
USER INPUT ( Read Control Parameters and Model Specificatlons SR GETPAR 
Print and Store Heading _J SR PRINT1 SR STORE1 
~ l 
Loop over Wavevectors 
Input from Disk ( Read WQvevectors and : Symmetry Coordinates SR GETDT 
Set Up Dynamical Matrix i SR DYN2 
BI oc k- Diagona I ize Dynamital Matrix SR BL 
... Loop over Block-Matrices 
-
Diagonal ize BI ock-Matrix SR EIGEN 
Transform Etgenvectors 
Cartestan Coordinates 
to SR CMMULT 
Prt nt and Store Resul ts __J 
L-- J 
SR PRI~H2 
SR S TORE2 
Figure ~. The structure of :\IODELI 
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4.4.4 How to Define a 1\'lodel Set-Up 
In t~s section the input procedure is described which is govemed by subroutine GETPAR. As 
ment~oned e::rlier, e~ch independent interaction can be modelled by an arbitrary Superposition of 
the different mteractwn types collected in table l. 
Interaction Type No. of GP [unit] :--;o. of ASP [unit] ~o. of ISP [unit] 
GP's ASP's ISP's 
per per 
atom 1eighb. 
No. Specification type shell 
1 Force Constant :V1ode1 - - 2 L [~m-IJ 
(Born-von Kannan) T ~~·m-IJ 
2 Bom-.\1ayer potential 1 Vo [eV] 1 (J [AJ -
3 Lennard-Jones potential 1 vo [eV] 1 (J [Al -
4 van der W aals potential 1 V0 [eV] 1 (J [AJ -
5 Coulomb potential - 1 Z [e] -
6 shell model - 2 y tJ 6 u-s [~m-lj 





vo strength of potential 
(J short-range interaction pararneter 
z ionic charge 
y shell charge 
a free ion po1arizability 
L longitudinal force constant 
T transverse force constant 
Table 1: Interaction types (model potentials) supported by l-:\'ISOIT 
Each interaction type is represented by a running number and specified by a certain number of 
pararneters. In order to simplify the input procedure which has to take into account a1l the different 
types of interactions, three groups of pararneters are introduced: 
Atom-Specific Parameters ( ASP's) 
These pararneters depend an the nature of the distinguishable types of atoms only. 
Exarnp1es are the Bom-\layer radius, the ionic charge, the electronic polarizability, etc .. 
General Parameters (GP's) 
These pararneters are independent of atornic properties. The prefactors V o in the 
Bom-Mayer, Lennard-Jones or van der Waals potentials are exarnples. 
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I nteraction-Specifzc Parameters (I S P' s) 
These parameters in general depend on a particular pair of at?ms and not only on the 
nature of each individual one. Examples are force constants m the Born-von .Karman 
model or in the shell model. It is assumed that the same ISP's hold for all pam of at-
oms K and K' which exhibit the same interatornic spacing, i.e. for all atoms within the 
same neighbouring shell. 
The corresponding parameters for the individual interaction types supported by C:'\ISOFT are in-
cluded in table 1 on page 29. 
Within the model set-up all the different parameters are Iabelied by a rurming integer. Actual values 
are assimed to the various parameters at the end of the input. Thus different interactions may be 
describ;d by the same parameters, e.g., and the modification of parameter values is independent of 
the model set-up. 
Example: Suppose you have two pai!s of atoms (K,K') and (A.,/.') the interaction of which is 
modelled by longitudinal (L) and transverse (T) springs (Born-von Karman model). 
Theseparameters may be labelled by the numbers 1, 2, 3, 4 where the parameters 1 and 
2 correspond to Land T for the K-K' interaction while the parameters 3 and 4 describe 
the A.-A.' interaction. After having completed the model set-up for all interactions the 
actual parameter values are given as a series like: 
100. 17. 50. 19. . .. 
assigning L(KK') = 100 :\'"m- 1, T(KK') = 17 ~m- 1 , L(/J.') = 50 Nm- 1 and 
T(U') = 19 :-...:m- 1 • For the calculation of phonon frequencies for other sets of pa-
rameter values only this last line must be modified. If the /,-A.' interaction is to be 
identical with the K-K' interaction (in spite of being symmetrical inequivalent) the same 
parameter number can be used for both and parameters 3 and 4 are dropped. 
The specification of a particu1ar interaction mode1 is achieved in the following marmer: 
I. Give the number ~ of an int~raction type. 
2. Give the numbers for ASP's and GP's for interaction type~. if any. 
3. Select those pairs of atoms I,J to which the interaction type ~ is applied and give the number 
of neighbouring shells :\S until which this interaction is extended. (In the case of Coulomb 
. interaction, :\S = 5, all atoms in the whole crystal are automatically considered.) 
4. Foreach of the ~S shells give the numbers for ISP's, if any. 
5. Repeat steps 3 and 4 until aJI independent pair-interactions are worked through. 
6. Repeat the whole sequence, 1.-5., for different interaction types until the model set-up is com-
pleted. 
7. Assign values to all the parameters used in the set-up. 
Further examples might illustrate this procedure ( the input numbers are printed in bold): 
a) B~rn-von Karman interactions between atoms 1 and 4 up to the second nearest 
ne1ghbo.urs and between atoms 2 and 5 up to the third nearest neighbours: 
Interaction type I 
:'\o ASP's and GP's 
Pair 1 4 considering 2 neighbouring shells 
ISP's l(L) 2(T) for the frrst shell 
ISP's 3(L) 4(T) for the second shell 
Pair 2 5 considering 3 neighbouring shells 
ISP's 5(L) 6(T) for the frrst shell 
ISP's 7(L) 8(T) for the second shell 
ISP's 9(L) IO(T) for the third shell 
lf ~ Born-~on Kru:man interactions are specified a blank input card indicates the end 
of mput for mteracttons of type 1. 
30 l.J :'1 I S 0 F T - A Program Package for Lattice Dynamical Calculations: User :VIanual 
b) Bom-Mayer potential between atom~ 3 and 6 up to the second neighbouring shell and 
between ~toms 4 and 7 for nearest netghbours only. (Suppose you have 4 different types 
of atoms m the crystal): 
Interaction type 2 
Bom-Mayer radü cr as ASP's: II 12 13 14 
Prefactor V0 as GP: 15 
Applied to pair 3 6 considering 2 shells 
No ISP's 
Applied to pair 4 7 considering 1 shell 
No ISP's 
If all Bom-Mayer interactions are specified a blank input card indicates the end of input 
for interaction type 2. (The short-range interactions 3 (Lennard-Jones potential) and 
4 (van der Waals potential) are treated similarly.) 
c) Coulomb potential assuming 4 different atom types: 
For the Coulomb potential an extra input card specifying the maximal radius for the 
summation in direct space has tobe given. A proper choice is 5 ... 10 A. 
Interaction type 5 
~laximal radius: 7.5 
Charges as ASP's: 16 16 17 18 
and nothing else, since the Coulomb potential applies to the whole crystal. l\:ote, in this 
example the same charge, given by parameter 16, is assigned to atoms of type 1 and 2. 
d) Shell model: 
(If the shell model is required the Coulomb potential has to be specified as weil.) 
:'\earest neighbour atoms 5 and 8 are coupled by the shell model interactions: 
Interaction type 6 
ASP's: shell charges 19 19 19 20 and polarizabilities 21 21 21 22 
Pair 5 8 considering 1 shell 
ISP's: 23(LC- 5) 24(TC-s) 23(L5-C) 24(T5-c) 25(L5 - 5) 26(T5 -S) 
Again, a blank input card indicates the end of input for interaction type 6. 
:'\ote, in this example the same charges and polarizabilities are assigned to atoms of type 
1, 2 and 3 (given by parameters 19 and 21) and the core-shell and the shell-core coupling 
between atoms 5 and 8 are identical (given by parameters 23 and 24). 
If no other interaction types are needed a further blank input card indicates the end of 
model specification. 
Finally, the values for all the parameters ( 1...26) are given in the corresponding units 
listed in table 1 on page 29. 
lt should be noticed again that the specification of a model is to be confined to the independent 
interactions listed by program IND. 
The input for program MODELl is completed by a card with output-contro1 parameters and by 
one or more cards containing the masses of the different types of atoms. 
The input is interpreted by the subroutine GETPAR which automatically transfers the specification 
of a particular interaction to all the symmetrical equivalent ones. 
4.4.5 1\-Iode of Parameter-Storage 
Allparameternumbers used within a particular model set-up are stored one behind the other, just 
as they are read in, in the integer vector IP. In order to fmd the correct parameter numbers for one 
specific interaction during the model calculation there are two pointers to elements of IP: 
LOC:'vl(N) points to the location containing the number of the flrst atom-specific parameter 
(ASP) of interactiontype N. 
points to the location containing the number of neighbouring shells (multiplied by 
1 000) which are to be considered for the interaction between atom I and J ac-
cording to interaction type N. 
A special subroutine NP.\1 deterrnines the number of ASP's and ISP's for a gi.ven interactiontype 
N returning the variables: 
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\"PAR(l,:'-i) = total number of AS~'s + to~al num?er of Grs \"PAR(2.~) = total number of ISP s per netghbounng shell · 
Obviousl the total number of ASP's depends an the numb~r of different atom types determined 
b y, 1:\D The numbers ofthe ~PAR(l,N) atom-specific and general pa:ameters are stored o~!~~~ar:l the o.ther an the vector IP starting ~t locati<;m LOCvt(N) + 1. Similar~y, the num~ers 
of the ~PAR(2,N) ISP's for the different netghbounng shells are stored startrng at locat10n 
LOC(I,J ,N) + 1. 
A schematical representation of the vector IP is given in Figure 5 an page 33. 
Note, that the implementation of new interaction types requires the modification of subroutine 
~P:Vt. 
If the interaction between atoms I and 1 is specified by input and the interaction between IT and 
1T is symmetrical equivalent it is sufficient to assign 
LOC(IT ,JT,N) = LOC(I,J,N) 
in order to obtain a proper model set-up. The relation 
LOC(1,I,N) = LOC(I,J,N), 
however, is not always true: In the shell model the co~e-shell.coupling and the shell-core coupling 
micllt be different. In this case, the parameters for the rnteractton between J and I as deduced from 
thü'se for the I -1 interaction are transferred to an unused location an the vector IP. 
The actual value of a parameterentering in the calculation is stored in the real vector P: P(I) is the 
value of the parameter number I. 
The total interaction (as a superposition of different model potentials) between atoms I and 1 is 
coded in the array N:VtoD(I,J) which is defrned by 
\":VlOD(I,J) = L wm2m-I (4.6) 
m 
where the summation runs over all interaction types and wm = 1 (0) if interaction m is (not) in-
cluded in the model set-up for the I-J coupling. 
4.4.6 Calculation of the Dynamical 1\'latrix 
As can be seen from Figure 4 on page 28 the calculation of the Dynarnical Matrix is performed in 
subroutine DY~2. DY~2 itself represents a network of relatively small subroutines each of which 
dealing with a very specific job. Figure 6 on page 34 displays the overall structure of DYN2. 
Within the loop over all pairs of particles I,J the (3 x 3) submatrices corresponding to the I-J 
interaction are calculated. In a frrst step, the interaction types are determined in subroutine 
:VlODX. The main job is then done by subroutine DIJ which retums the Fourier transformed force 
constant matrix F(IJ I q) ( = 00)8, the matrix of Coulomb coefficients multiplied by the charges 
fC(IJ I q) ( = CE:Vl) (if the Coulomb potential is invoked) and, in case of the shell model, the ma-
trices fT(IJ I q) ( = TT), FI"'(IJ I q) ( = TTl) and fS(IJ I q) ( = SS). Furthermore, the corresponding 
matrices for q=O (resp. q=Sq for Coulomb interaction) which enter in the selfterms (PP, :VIST, 
PTT, PTTl and PSS) are calculated in DIJ as weil. The difference vectors between atoms I and 
J for the various neighbouring shells are read from the disk-dataset X.~-:"1 (logical unit 4) and the 
different interaction types are considered in a do-loop. Decoding the information contained in the 
vector IP (see section 4.4.5) subroutine GETP:Vt gets the specific parameter values determining the 
interaction according to one single model potential. 
Subroutine :VIODELX serves as a switch to the different routines performing the calculation for a 
particular interaction type. Obviously, new model potentials can easily be included just by supply-
ing additional short subroutines at this stage. 
7 A value NPAR(2,:'~./)=-l indicates that there are no ISP's but the particles to which the interactiontype 
:--; is applied must be specified. 
8 In brackets, the names used in the program listing are given. 
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LOC\1(~) ~umber of the frrst ASPforatom type 1 












LOC(I,J,:'-J) Number of neighbouring shells ( x 1000) 
to be considered for interaction 1-J 





LOC(I,J,N) + NPAR(2,N) 
-








Figure 5. Parameter storage for interaction N within the vector IP 
Leaving the subroutine DIJ the matrix elements are rounded; i.e. all numbers with moduli smaller 
than w-zo are set zero. Subroutine CTOD changes the matrices to the D-defmition corresponding 
to equation (2.13) (c.f. footnote 1 on page 4). 
The resulting matrices are inserted into the full (JN x 3:'11) matrices F(q) ( = D), fC(q) ( = C), P'(q) ( = T) and .fS(q) ( = S) by subroutine CI~S. The same is clone for the real q = 0-matrices by sub-
routine MINS (yielding PH, \-lC, PT and PS). The symmetrical equivalent interactions are con-
sidered in subroutines CTRNSF and MTRNSF according to equation (2.82). 
All interactions for which the matrix elements are determined either by direct calcu1ation or by 
symmetry considerations are labelled by ID( I,J) = l. Thus, a multiple treatment of the sarne sub-
matrix is avoided. 
For the matrices F ( = D) and, if the shell model is used, f! ( = T) and .fS ( = S) the self term is 
calculated from the condition of translational invariance (equation (2.6)) in subroutine SELF. If 
needed, the polarization part of the Dynarnical \-tatrix, i.e. the third term on the right hand side 
of equation (2.67), is calculated and added to the rest of the Fourier transformed force constant 
matrix in subroutine SHELL2. Here, for the inversion of the matrix .fS5 + YCY the [\lSL routine 
LEQT 1 C is used which may be replaced if desired. 
As the ftnal operation in DYN2, the multiplication with the mass-tensor (in subroutine \-10\1) 
yields the complete Dynarnical Ylatrix D. 
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Figure 6. The structure of subroutine DY'J2 
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The idea of the input procedure has already been described in section 4.4.4. Hcre, we give the 
specification of the input cards required. A comprehensive list without comrnent is given in ap· 
pendix 8.3. 
Card 1 (IDIR(I), I= 1,10) [1015] 
Control parameters: 
IDIR(1) = 1(0) (no) printout of symmetry coordinates 
IDIR(2) = 1(0) (no) printout of the Dynamical ~latrix 
IDIR(3) = 1(0) (no) printout the block-diagonalized 
Dynamical ~latrix 
IDIR(4) = 1(0) (no) printout the block matrices 
IDIR(5) = 1(0) (no) check of diagonalization 
IDIR(6) = 1(0) (no) printout of eigenvectors 
IDIR(7) = 1(0) (no) printout of parameters for Ewald-summation 
IDIR(8) = 1(0) (no) check oftranslational invariance 
IDIR(9) = 1(0) (not) all matrixelementswill be calcu1ated· 
independently. Symmetry relations will not.be 
(will be) considered. 
IDIR(IO) = 1(0) (no) storage ofresults on disk 
Card 2 (:\IASS(I), I= 1,:\IAXTYP) 
MASS(I) = mass of atom I in atornic mass units 
:\1AXTYP = number of different atom types as 
determined by program f.\D 
Card 3 :"i 
:--; = Number of interaction type which has to be 
considered: 
~ = I longitudinal and transverse springs 
~ = 2 Bom-:Vtayer potential 
~ = 3 Lennard-Jones potential 
:--; = 4 van der W aals potential 
:\f = 5 Coulomb potential 
N = 6 shell model 
[8F10.5] 
[15] 
For Coulombinteraction only: 
Card 4 DMAX [F10.5] 
D:\tAX = maximal radius in A for sumrnation in direct space 
Only for interaction types containing atom-specific 
or generat parameters ( see table 1 on page 29) . 
Card 5 ((IASP(I,J), J= 1,:\IAXTYP), I= 1,~ASP) 
(IGP(K), K= 1,:\"GP) [16I5] 
~tAXTYP = number of different atom types 
(see program f.\D) 
:\fASP = number of ASP's of interaction N 
NGP = number of GP's of interaction :-.1 
IASP(I,J) = number of the 1-th ASP for atom J 
IGP (K) = number of the K-th GP 
:--;ot for Coulomb interaction: 
Card 6 I J :\iS [315] 
I, J = number of the atoms between which this 
interaction N is acting 
\"S = number of neighbouring shells to be considered 
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lf interaction ~ contains interaction-specific parameters 
(see the table I) for each of the ~S shells a card of the 
following type roust be given: 
Card 7 (IISP(I), I= I ,~ISP) 
~ISP = nurober of ISP's of interaction ::-.J' 
IISP(I) = nurober of the 1-th ISP of interaction ~ 
Further cards of type 6 and 7 
The end of input for the interaction ~ ( ~;::: 5) 
is indicated by a card of type 6 with I= 0 
Further interactions roay be specified by repeating 
the input 3.-7. The end of the roodel set-up 
is indicated by a card of type 3 with ~ = 0. 
[ 1615] 
Card 8 (P(I), I= I,~P) [8FI0.5] 
~p = largest parameternurober used in roodel set-up (3.-7.) 
P(l) = value of parameternurober I. 
4.4.8 Output 
The output is controlled by the vector IDIR (see section 4.4. 7). Generally, a !ist of all interactions 
within the roodel set-up is printed by subroutine PRINTl along with the corresponding parameter 
nurobers and values. By a careful inspection of this !ist the model can be checked and possible 
input errors can be detected. 
For each value of the wavevector, phonon frequencies v'li = co'll,21t and, if desired, phonon 
eigenvectors e(K I qj) in cartesian coordinates are listed according to their symrnetry (subroutine 
PRI~T2). The wavevectors are printed in cartesian coordinates (in A-I) as well as in units of the 
reciprocallattice vectors. An example is given in appendix A.4, page 66. 
If needed, the data roay be stored on the disk-dataset RESL"LT (logical unit 4) by the subroutines 
STORE! and STORE2. 
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4.5 HIST 
4.5.1 General Purpose 
The program HIST produces a histogram plot of phonon dispersion curves calculated by 
.\IODELJ. The different branches may be displayed according to their symmetries (irreducible 
multiplier representations). Obviously, this program can be used in a meaningful way only if the 
model calculation is performed for a whole sequence of q-values. It is, however, not necessary to 
restriet the wavevectors to a straight line in reciprocal space. Rather, the program recognizes if the 
sequence corresponds to a zig-zag line. This is especially useful for hexagonal structures, e.g., where 
normally the phonon dispersion within the hexagonal plane is displayed according to a closed loop 
of wavevectors: Leaving the r -point in direction [ 1001 the zone-boundary is reached at the :VI-point. 
On the zone-boundary one can travel from the :Vt- to the K-point from which the r-point is ap-
proached again in direction [llOJ. Thus, if the semigraphical representation of phonon frequencies 
is desired the q-values should be carefully selected in program GROlJP. It should be noticed that 
the q-values need not be of equal distance. The program autornatically displays the results according 
to an absolute scale (except for rounding errors due to the discrete nature of the histogram plot). 
There is another criterion for an adequate display of the phonon branches: Suppose, you have more 
than one irreducible multiplier representation (IMR) of the group of the wavevector for a particular 
symmetry direction. Then two of them may degenerate at the r -point or at the zone-boundary 
(Z.B.). In this case, it is very illustrative to plot the corresponding branches in an extended zone 
scheme as may be seen from the following example. 
Example In the space group P6:J the main symmetry direction is the hexagonal c-axis. Here, one 
has six different representations ( 1 to 6). At the r -point IMR 2 is degenerate with L\lR 
6 and IMR 3 is degenerate with IMR 5, while at the zone-boundary, the A-point, I:VtR 
l is degenerate with IMR 4, IMR 2 with IMR 3 and I:VIR 5 with I:VIR 6. These re-
lations may be checked immediately by inspection of the character tables printed by 
program GROUP. In order to account for the degeneracies it is convenient to plot the 
dispersion curves according to Figure 7 an page 38. 
In fact, the program HIST allows to arrange the plot in a very specific way: The sequence of the 
various irreducible representations can be chosen arbitrarily. The plot direction (r -+ Z.B. or Z.B. 
-+ r) can be selected by giving the number of the corresponding representation with a positive or 
a negative sign. In the above example a plot according to Figure 7 on page 38 is obtained by 
specifying the following sequence of irreducible representations: 
-4 2 -3 5 -6 
If this sequence starts with 0, all phonon branches are plotted in one picture and different symbols 
are used to distinguish between the irreducible multiplier representations. 
The program HIST needs the output results <;>f GROUP •. IND ~d .\-IODELI "Yhich ar~ read ~rom 
the disk-datasets COORD (logical unit 1), ~DDAT (logtcal urut 3) and RESLLT (logtcal urut 2), 
respectively. 
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r A r A r . A r 
Figure 7. Schematical illustration of a phonon dispersion: For the hexagonal direction of the cyclic 
space group P63 the dispersion is displayed conveniently according to the different symme-
tries taking into account the degeneracies at special points within the Brillouin zone. 
4.5.2 Input 
Card 1 ~Y:VIAX 
~Y\1AX = maximum frequency in THz 
Card 2 (IDIR(I), I= 1,20) 
This is a double card ! 
IDIR( l),IDIR(2) ... is the sequence of irreducible 
representations to be displayed 
If IDIR(I) > 0 the corresponding dispersion 
curves are plotted from r -point 
towards the zone boundary. 
If IDIR(I) < 0 the corresponding dispersion 
curves are plotted from the zone 
boundary towards r -point. 
If ID IR( I) = 0 plot without consideration of 
symmetry 
Card 3 :\\IARK 
selects the symbol used for phonons 
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4.5.3 Output 
An example for an output is given in appendix A.5, page 77. It should be noticed again that the 
quality of the plot obtained by HIST depends on a proper choice of the q-values and of the se-
quence of representations. The display according to the different symmetries has the advantage that 
the calculated points can immediately be joined by lines corresponding to the different phonon 
branches since there is no intersection of branches (except at points of higher symmetry). 
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4.6 SF 
4.6.1 General Purpose 
The experimental deterrnination of phonon dispers~on c~ryes by n~utron scattering c~ effectively 
be supported by model calculations. The phonon mtensttles are !?lven by ~he dynarrnc~ structure 
factor as discussed in section 2.8. :\lodel calculations do not only yteld the etgenfrequenctes but also 
the eigenvectors of lattice vibrations and, hence, the intensity for any particular phonon can be 
predicted. 
The program SF calculates the dynamical structure factors ~n the basis of the la_ttice-dynamical 







is listed for any phonon mode j and for a specified range of Brillouin zones g. F is a normalizing 
factor which can be chosen arbitrarily in order to get reliable numbers on output. If desired, the 
1/co<u-factor or the Bose-occupation factor n.u are included. The Debye-Waller factor e-w< is calcu-
lated as: 
e - \V K = e- +(g-'- q)ßK(g + q) ' (4.8) 
where BK is the symmetrical matrix of anisotropic temperature factors: 
(
TFIC(l) TFIC(2) TFJ((3)) 
BI(= TFJ((2) TFJ((4) TFIC(S) . 
TFIC(3) TFJ((5) TFIC(6) 
( 4.9) 
This matrix has to be given as input as weil as the coherent scattering lengths b.. It is, however, 
sufficient to specify B. and b. for only one atom of each type. The temperature factors of all other 
atoms of the sametype are obtained by a simple matrix transformation. 
!he o~tput list can. be arranged according to irreducible multiplier representations or according to 
mcre.asmg. frequenctes. The most convenient choice depends on the specific crystal system under 
constderatwn. 
The results obtained by programs GROCP, IND and :\IODELl are used via the disk-datasets 
COORD (logical unit 1), INDDAT (logical unit 3) and RESULT (logical unit 2), respectively. 
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4.6.2 Input 
The range of Brillouin zones for which the dynamical structure factors are calcu1ated is detennined 
by the 1ower and upper ~~~ for th~ Miller indices (H:YIIN, HMAX, K:Vll:S, K:VlAX, L:VliN, L:V1A~) as weil as by ~ limitmg radms QMAX which is to be given in A-I . In particu1ar, the 
foilowmg cards are requrred for the program SF: 
Card 1 H:\IIN, H~IAX, K:\IIN, K:\1AX, L.:\HN, L:VIAX [615] 
defme the range of Brillouin-zones for which 
phonon intensities are calcu1ated: 
HMIN ~ h ~ H:VIAX 
K:VIIN ~ k ~ K:V1AX 
LMIN ~ 1 ~ L\1AX 
Card 2 Q:YIAX 
QMAX = max.i.mum value for q in A-I 
limiting the range of Brillouin zones 
Card 3 (B(I), I= 1,.:\IAXTYP) 
B(I) = coherent scattering 1ength in 1Q-I4 m 
for atoms of type I 
MAXTYP = nurober of different particle types 
as detennined by program .I:'ID 
Foreach of the MAXTYP types of particles a card 
of the foilowing type must be given: 
Card 4 1, (TF(K), K = 1 ,6) 
I = nurober of atom (representing the 
dass of corresponding type) 
TF(K) = components of the tensor B of anisotropic 
temperature factors in A- 2 (see equation (4.9)) 
Card 5 T 





Card 6 FNOR.:\'1 [F10.6] 
FNOR:vt = normalizing factor. 
Card 7 (IDIR(n, I= 1,10) [1015] 
Contro1 parameters: 
ID IR( 1) = 1 : output arranged according to 
irreducib1e representations 
IDIR(l) = 2 : output arranged according to frequency scale 
IDIR(4) = 1(0) : calcu1ations (do not) take into 
account 1/v-factor 
IDIR(S) = 1(0) : calcu1ations (do not) take into 
account Bose-factor 
4.6.3 Output 
An output examp1e is given in appendix A.6, page 79. The list may serve as a guide for neutron 
scattering experiments: Fora particu1ar phonon, a Brillouin zone is picked out where its intensity 
is 1arge and, simultaneous1y, the intensities of neighbouring phonans (on the frequency scale) are 
sufficiently small. If the 1attice-dynarnical mode1 is adequate the phonon under consideration shou1d 
be very weil detected in this particu1ar Brillouin zone. 
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4.7 PARDER 
4. 7.1 General Purpose 
Th gram PARDER calculates the partial derivatives of ph'?n'?n ~requencies w~th {es)ec~ to eac~ P;f the model parameters. It can thus be used for the optumzatwn of a parttcu ar attlce-
dynarnical model. 
lf p denotes the parameter vector determining the Dynarnical Matrix the squares of phonon fre-








where E is the matrix of the eigenvectors. All matrices appearing in equation ( 4.1 0) are _d~e~~d 
by program :\IODELI. If the parameter vector is altered by ~p a ne~ Dyn~c . atnx 
D(p + ßp) is obtained and, to fust approximation, the new phonon frequenctes are gtven by: 
(~i ... -2 ) == E + D(p + ~P )E . 
ffi3N 
The variations in o:} are: 
( ,;.mj · . . 2 ) = E+[D(p + O.p) - D(p)[ E. 6.ffi3N 
The corresponding shifts of the frequencies ffi; are calculated as: 
and 





,--2 if 0 (4 14) ßffii == v ßffii Ü)i == • • 
The values 6.v; = ~ffi;/2rt are listed for all phonons calculated by :\'IODELI and. for variations of 
all model parameters. Note, that a negative squared frequency u:?; or vf obtamed by program 
:\IODELI is treated as being zero. If, however, the frequency is less or equal zero and, simultarte-
ously, the shift of its square, 6.v2 , is calculated tobe negative, ßv cannot be obtained. In this case, 
.:1 v2 itself is listed and a corresponding message is printed. 
The individual variations of the different model parameters for which the frequency shifts are cal-
culated are given as input. 
As can be seen from equation ( 4.12) the main task within PARD ER is to compute a new Dy-
narnical :Vlatrix with slightly modified parameter values. Remembering the modular set-up of the 
program \IODELI, it is obvious that the subroutine DYN2 cart be used within PARDER as weil. 
Therefore. PARDER itself turns out to be a rather simple program constructed around the general 
subroutine DYN2. 
The output list illustrates the effect of each of the model parameters on each phonon frequency. It 
may serve as a guide if the model has to be modified in order to reproduce the experimental results. 
The results of the programs GROUP, ~D. :'Ii~ and \IODELl are used via the disk-datasets 
COORD (logi.cal unit 1), INDDAT (logi.cal unit 3), X~i'l {logi.cal unit 4) and RESL'LT (logical unit 
2), respectively. 
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4.7.2 Input 
In analogy with program :\IODELI a control card is used to select the mode of computing the 
Dynarnical :Vtatrix: 
Card 1 (IDIR(I), I= 1,10) [1015) 
IDIR(7) = 1(0): (no) printout of parameters for 
E wald-summation 
IDIR(9) = 1(0) :(not) all of the matrix elements 
Card 2 (DP(I), I= 1,i'iP) 
of D will be calculated 
independently. Symmetry relations 
will not be (will be) considered. 
Variation of parameter values for which 
the frequency shifts are calculated 
~p is the total number of parameters for 
the model specified in program MODELl. 
4. 7.3 0 utput 
[8F10.6J 
An exarnple for an output list is given in appendix A. 7, page 81. :'-Jote that all frequencies calculated 
in :\'IODELI as being imaginary (v2 < 0) are denoted by v= 0.0 THz. lfthe frequency is imaginary 
or zero and the shift of v2 is negative, Av2 is listed instead of Av. A corresponding message is printed 
on the previous output page. 
Öetailed Description of the Individual Programs .ß 
4.8 ROTINV 
4.8.1 General Purpose 
The program RO~V provides a test of the rotational invariance condition as di~cussed in section 
2.6.2. For a particular lattice-dynamical model the net forces are calculat~d which act upon the 
different atoms if the crystal as a whole is rotated araund the x-, y- or z-aXls. These forces should 
be zero for a proper model set-up. They can be calculated from the Dynamical :Vlatrix taken at 
wavevectors oq along different directions near the :r -point as expressed by equations (2. 76)-(2. 78). 
For numerical calculations the modulus oq of the wavevectors has to be chosen carefully: If it is 
too large the approximation of equation (2.72) may become invalid and, consequently, the results 
are incorrect. If, on the other hand, oq is too small rounding errors may come into play. The fol-
lowing two conditions can be used as criteria foraproper choice of oq: 
1. The component of the force along the direction of rotation f~(K) vanishes for every atom K in 
the case of central forces. Thus, the calculated numerical values for f~ can be regarded as a 
monitor of rounding errors. 
2. The two components t! and - fß of the force tensor have to be identical, irrespective of the 
special model. The force tensor is antisymmetrical. Again, numerical differences show the in-
fluence of rounding errors. 
The model to be tested by ROT~V is defmed in just the same marmer as in program :\IODELI. 
Thus, the same subroutines are used for the interpretation of input (GETPAR) as weil as for the 
calculation of the Dynamical :Vlatrix (DY~2) (cf section 4.4). Having these routines available, 
ROTI:\V is a rather simple and Straightforward program. 
Obviously, ROTI~N uses all results of the programs GROL"P, 1:\'D and ~~ just as :\IODELl 
does. 
Within one run of R~Tf.\V, a particular model set-up can be analyzed for different sets of pa-
:ameter values: Thus, rt can be used to select a proper parameter set (leading to a rotational invar-
rant model) pnor to the actual model calculation. 
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4.8.2 Input 
The following input card are required: 
Card 1 QL 
Q L = modulus of the wavevector oq used for 
the calculation. 
lt should be small enough to be sure 
that the approximation (2.72) is valid. 
On the other hand, QL should not be 
too small because of rounding errors. 
Card 2-9 are the same as Cards 1-8 for program :\IODELl 
The control variable IDIR(l), however, has a 
different meaning: 
IDIR(l) = 1(0): (no) printout ofmodel specifications 
Other parameter sets may be considered by supplying 
additional cards of type 9 (i.e. type 8 of :\IODELl). 
4.8.3 Output 
[F10.6J 
An example for the output of program RQTJ:'jV" is given in appendix A.8, page 83. The net forces 
are given in units of lQ- 10 N. A particular model can be regarded as being nearly rotational invar-
iant if the moduli of all force components are smaller than 0.01 10- 10 N . Rounding errors may 
be detected by checking the conditions f~ = 0 and fg = - f~. 
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4.9 EFG 
4.9.1 General Purpose 
The program EFG calculates local static elect~cal fields and fiel~ gradiell:ts for a given structu~e 
according to equations (2.103) and (2.104), sectlon 2.10. The lattlce sum rs evaluated by_Ewald s 
method in just the same way as for the dynamical mode~ calcula~ions. In fact, the e1ectncal fi~ld 
g:radients are proportional to a sum over Coulomb coeffic1ents which are calculated by subroutme 
CP dealing with the Coulomb potential (see Figure 6 on page 34). The same subroutine is therefore 
used in EFG as weil. Note, however, that the self-potential has to be excluded. Obviously, the 
calculations have to be performed for zer.o wavevector smce we are dealing with static properties. 
In practice, however, q is a small but non zero vector in order to overcome the difficulties in nu-
merical calculations mentioned earlier (see footnote 2 on page 7). 
Concerning the components of the electrical field, equation (2.104), the method of summation is 
the same as for the detennination of the Coulomb coefficients, except the g = 0 term is excluded. 
This term comes into play for dynamical calcu1ations only, since lattice· vibrations carry a 
macroscopic electrical field if they are polarized in longitudinal direction. 
If desired. the contributions of the different sublattices (containing all atoms of the same type) to 
the Coulombforce acting upon any particular ion can be listed individually. Thus, partial ).ladelung 
constants are obtained if unit charges are considered. 
The structural parameters used for the calculations in EFG are read from the disk-datasets COORD 
(logi.cal unit 1), I:\DDAT (logi.cal unit 3) and X.~ (logical unit 4). Thus the prograrns GROt:P, 
r.\D and ~~ have to be run frrst. As in program :VIODELI the ordered arrangements of atoms in 
neighbouring shells provided by program ;\"N are used to simplify the summation in direct space. 
The mll:xirnal radius is given as input and is automatically modified by the prograrn, if necessary 
(cf sect10n 4.-U). The fmal parameters for the Ewald-summation may be printed. 
4.9.2 Input 
The following input cards are required for program EFG: 
Card I (IDIR(ij, I= 1,10) 
Control parameters: 
IDIR(l) = 1(0) : (no) printout of the contributions 
of the different sublattices to 
the total Coulomb force 
IDIR(7) = 1(0) : (no) printout of pararneters for 
Ewald summation 
Card 2 (Z(I), I= 1,.\IAXTYP) 
Z(l) = charge of ions of type I in units of 
the elementarv charge 
:'vlAXTYP = n~mber of different atom types 
as determmed by program [\D 
Card 3 D.\IAX 
D\L-\X = maximal distance for summation in direct 
space in A 




An example for the output of the program EFG is gi.ven .in appendix I\ 9 85 Th n~nts _of the local t:lectrical field are gi.ven in units of VA - 1 th 'r 'h· ,fiplage ·. e compo-grven m units of VA -2. ' ose o t e 1e d gradtent tensor are 
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5.0 Computer Requirements 
C~ISOFT is written in the FORTRAN IV programming language supported by the most com-
puters. Special features which might be specific to a particular computer system are avoided. Three 
subroutines are used from the IMSL-library: 
1. the random number generator GGUBS used within GROUP 
2. the diagonalization routine EIGCH for a complex hermitian matrix called by subroutine 
EIGE~ within :\IODELI 
3. the routine LEQTIC for the inversion of a hermitian matrix called by subroutine SHELL2 
within :\IODELI, ROTI~IV and PARDER. 
If U~ISOFT is to be installed at a computer which does not support the L\ISL-routines, these 
subroutines have to be replaced. 
The data transfer between the different programs is achieved via the four disk-datasets COORD, 
NDDAT, X::\"N and RESULT by formatted sequential input and output. Before c:--;ISOFT can 
be used, these flies must be installed. The required sizes of the datasets depend on the crystal 
structure to be considered. It can be estimated as follows: Suppose, you have a crystal structure 
with ~ particles per primitive cell and the calculations are to be performed for :VI values of the 





145 + N + Yl(9 + 2.25N2) records 
28 records 
60(N2 + N) records 
484 + M(4 + 0.6N + 13.5N2) = 500 + 14;\-1~2 records. 
([X] denotes the smallest integer larger than X.) The logical record length is 80 bytes. 
It should be mentioned that UNISOFT is not optimized with respect to storage capacity or with 
respect to computing time. The main attention has been paid to an easy mode of operation. 
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6.0 Possible Extensions of UNISOFT 
Discus~ing possib_le extensions of U~ISOFT, one has to distinguish between extensions conceming 
the la~ttce-dynarrucal roodel on the one band, and extensions conceming other physical implications 
of a grven roodel on the other band. 
As already roentioned in section 4, it is rather simple to impleroent new types of pair interactions. 
In principle, also tensor forces should be feasible. 
The consideration of anharmonic effects obviously requires a roore coroplex treatment. On the basis 
of the perturbation theory it should, however, be possible to calculate frequency shifts and phonon 
line widths. In general, this procedure leads to a summation over a large nurober of phonon states 
within the whole Brillouin zone. Thus, the coroputing time for those calculations will becoroe large, 
especially if the crystal structure under consideration is not a simple one. 
The introduction of the concept of molecular groups can also provide a useful extension of the 
present systero: In roany crystalline solids there are roolecular groups which, froro the lattice-
dynamical point of view, can be considered as nearly rigid bodies. Thus, not all atoros have to be 
treated individually. Rather, the dynamics of an entire roolecular group, such as S04 , CH4 , :-.:H4 etc. 
can be described by three translational and three rotational degrees of freedoro. This approach is 
justiiied, if the frequencies of the internal vibrations of a roolecular group are rouch ]arger than the 
frequencies of the lattice modes. By the introduction of this concept of roolecular crystals o bviously 
the dimension of the Dynamical .\1atrix and, hence, the coroputing time can be reduced. 
On the basis of a given lattice-dynamical roodel other physical properties of a crystal roay be cal-
culated by adding new programs: Phonon densities of state, e.g., can be calculated if the phonon 
frequencies have been determined by :\lODELJ for a large nurober of q-values distributed all over 
the Brillouin zone. In a next step, the contribution of lattice vibrations to the specific heat can be 
deduced froro the phonon density of states. Lattice energies can be calculated. And there are cer-
tainly roore possible extensions of UNISOFT. 
In principle, it is also possible to use :VIODELJ within a least-squaresfit pro~am which .adjusts the 
calculated phonon frequencies to roeasured ones. Often, however, the expenmental asstg:nment of 
phonon peaks to phonon branches is rather difficult. A wr~ng labelling of a phonon_ rru~t have 
fatal consequences: The fitting procedure can lead to defirutely wrong results, espectally if roore 
coroplicated crystal structures are considered. 
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Appendix A. Example for the Application of 
UNISOFT 
As an example all programs of U:\"ISOFT are applied to the room temperature phase of KLiS04 
which belongs to the space group P63• In fact, the crystal structure is disordered which can, how-
ever, be neglected for lattice-dynarnical considerations. 
The input data are given along with an excerpt of the resulting output Iist for each of the individual 




CROUP THEORETICAL ANALYSIS OF TIIE K LI 504-STRUCTURE 
14 1 0 3 0 
Kl K2 Ll1 L12 Sl 52 01 05 02 06 03 07 
UNIT 1 = K 1; UNIT 2 = K2 ; UNIT 
UNIT 5 = 51; UNIT 6 = 52 ; 
UNIT 7 = 01; UNIT 8 = 05: UNIT 
UNIT 11 = 03; UNIT 12 = 07; 
UNIT 1 3 = 011; UNIT 14 = 08; 






































11 2. 5710 
51.3909 





.7055 .7055 .7055 
1 0 
GM11·1A- PO I NT 
.000 0.00000 O.OOOiO 
1 1 
0 0 1 -OIRECTION 
.000 0.00000 0.20000 
1 2 
0 0 1 -OIRECTION 




















= i..l i 
= 02: 
0.000 
UNIT 4 = Ll2; 
UNIT 10 = 06: 
0.000 8. 6211 
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OCTPCT 
CROUP THEOR(TICAL 
UNI T 1 • K 1; 
UH I T 7 = 01; 
UH1T 13 • 04; 
ANALYSIS OF THE K LI S04•STRUCTURE 
UN 1 T 2 • K2 ; UH I T J L 11 
UHIT 8 • 05; UHIT 9 = 02; 
UHIT 14 • 08; 
UNIT 4 = Ll2; HIT 5 • 51; 
UHIT 10 • 06;NIT 11 = OJ; 
UNI T 6 • 52 ; 
UHIT 12 • 01; 









Al( I)•A(J)=OELTA( I,J) 
o. 19448, 0. 11228, o.o 
o.o 0.22457, 0.0 l 
o.o o.o 0.11596) 





THE SPACE CROUP IS NOH·SYHHORPHIC OR ELSE A HOH STAHOARO ORICIH OF COORDINATES IlAS USEO. 
ATOM TRAHSFORHA TI OH TADLE 
OPERATION NUMRER I 2 J 4 5 6 
MOV(S ATOM 1 TYPE 1 AT o.o 0.0 0.0 l TO ATOM 1 2 1 2 1 2 
MOVES ATOH 2 TYP( 1 AT 0.0 o.o 4.3120) TO ATOM 2 1 2 1 2 1 
MOVES ATOM J TYP( 2 AT 0.0 2. 9687: 5.8820) TO ATOM J 4 3 4 3 4 
MOVES ATOM 4 TYP( 2 AT 2. 5710: 1.4844, 1.5700) TO ATOM 4 3 4 3 4 3 
HOVES ATOM 5 TYPE 3 AT 0.0 2.9687, 2.5350) TO ATOM 5 6 5 6 5 6 
MOV(S ATOM 6 TYPE 3 AT 2.5710: 1.1t8l44, 6,8470) TO ATOM 6 5 6 5 6 5 
HOVES ATOH 7 TYPE 4 AT o.o 2.9687, 3.9670) TO ATOH 7 8 7 8 1 8 
HOVES ATOH 8 TYP( 4 AT 2. 5710: 1.4844, 8.2790) TO ATOM 8 1 8 7 8 7 
MOVES ATOM 9 TYPE 5 AT 1. 3909, 2.9257, 2 .0611) TO ATOM 9 14 11 10 13 12 
HOV(S ATOH 10 TYPE 5 AT 1.1801, I. 5274, 6.3731) TO ATOM 10 13 12 9 14 11 
HOVES AIOH 11 TYPE 5 AT 4. 4838, 4.1948, 2.0611) TO ATOM 11 10 1J 12 9 14 
HOV(S ATOM 12 TYPE 5 AT 3.2292, 0.2583, 6,3731) 10 ATOM 12 9 14 I I 10 13 
HOVES ATOM 13 TYPE 5 AT 4. 4093, 1. 7857. 2.0611) TO ATOH 13 12 9 14 11 10 






HOVES ATOH 14 TYPE 5 3.3037, 2.6674. 6.3731) TO HULT IPLICAT lOH TABLE, JOX, 2JHFRACT I OHAL TRANS LA T 1 OHS 
1 2 J 4 5 6 
1123456 
2 2 J 4 5 6 I 
3 3 4 5 6 1 2 
4 4 5 6 1 2 3 
5561234 
6 6 1 2 3 4 5 
Tlf( CAIITESIM AXCS IHTERSECT TH( ORILLOUIN ZOHE BOUHOARIES AT ( 0,81463, O. 70550, 0.361128) 
!~~-~~~~!.~~~~-~~=!~:!.~!~~-~~.!~~~~-~~ ••••••••••••.••••••••• i.~;!~~~~~-~;!~~;2~.2;!~~~~! •••••••••••••••••••••••••••••••••••••••• 
CROUP TH(ORETICAL AHALYSIS OF THE K LI S04•STRUCTURE 
CN4HA•POINT -
·············•·······•·······•··········•··•·•·•····•·····•••··••··•••·••••·••••••••··••••·••··••••••••••••···••·••·•··•··•••••·•• 
K I S OHE HALF OF A \/AVE VECTOR SPACE LATTICE VECTOR, THEREFORE THE OYHAMICAL HATR IX HUST BE REAL. 
----------------------------------------------------------------------------------------------------------------------------------CHAAACTER TABLE 
OP IR( 1) IR( 2) IR( 3) IR( 41 IR( 5) IR( 61 
I 1 .o -o.o 1 .o -o.o I .0 -o.o 1.0 -o.o 1.0 -o.o 1.0 -o.o 
2 1.0 -o.o 0.5 -0.9 -o. 5 -0.9 -1.0 o.o -o. 5 0.9 0.5 0.9 
3 1.0 -o.o -0.5 •0.9 -o. 5 0.9 1.0 -o.o •0.5 •0.9 -o. 5 0.9 
4 1.0 -o.o ·1.0 o.o 1.0 -o.o •I .0 o.o 1,0 -o.o -1.0 o.o 
5 1.0 -o.o -o. 5 0.9 -o. 5 •0.9 1.0 -o.o -0.5 0.9 -0.5 ·0.9 
6 1.0 -o.o 0.5 0.9 -o. 5 0.9 ·1.0 0.0 -o. 5 -0.9 0.5 •0.9 
IHR NUHBER 6 I S TI HE REVERSAL DECENERATE 'WI TH 111RNUHBER 2. IN THE DECOHPOS I TI ON IHR 6 1/llL BE DROPPED 
ANO IHR 2 1/ILl HAVE TIIIC( TH( OIH(HSIOII IT HAO. 
111R NUHBER 5 IS TIME REVERSAl OECEH(RATE WITH IHRHUHBER 3. IN THE DECOHPOSITION IHR 5 IIILl BE DROPPED 
AND IHR 3 1/lll HAV( TI/I CE TH( D I H(HS I ON IT HAO, 
---r~(-ö(~~;ö;;r;ö~·;;··;·;~;-~;-:··;·;~;-2;·:-·;·;~;-;;·:··;·;~;-;;·------------------------------------------------------------
----------------------------------------------------------------------------------------------------------------------------------
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IH[ [R SYHM[TRY R[DUC[D OYNAHJCAL 11AJRJX. 









































































































AO BC CC 
AP Bit CH 
AQ BI Cl 
AR 8J CJ 
AS BK CK 
AT BL CL 
AU 11M C11 
AV BN CN 
AW BO Cl 
AX BP CO 
AY BQ CP 
AZ. BR Cl 
BA BS CQ 
BB Br CR 
















AH AC •• 
.. cc 
AH AN •• 
AN oUt •• 
er 
AK AL •• 
Al AK CE 
AR 8J CJ 
AS BK CK 
AT BL CL 
AO BC CC 
AP BH CH 
AQ 01 Cl 
AX BP CO 
AV BQ CP 
AZ. BR Cl 
AU 814 Cll 
AV BN CN 
AW BO Cl 
BO BV es 
BE BW er 
BF BK Cl 
BO BV CS BA BS CQ 
BE BW CT BB BT CR 


















































































































































































































































































Cl CY i:R 
OA Oß 




0[ OW [U 
OF OX (V 
0C OY EW 
OH OZ [X 
01 (A (Y 
OJ EB El 
OK EC FA 
OL EO rB 
OH [[ EW 
ON Er rc 
oo cc ro 
OP EH EZ 
oQ c 1 rc 
OR (J rf 
OS (K (W 
OT CL FG 
DU EH FH 





































































































































AC AO •• 




















DH OZ EX 
01 (A (Y 
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fP Cll 110 
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FR CJ HF 
fS CK HG 
FT CL HH 
ru Cll ltl 
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FW CO HE 
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CO CN 1!0 
C[ CW HP 
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ro cc HC 
FP CH HO 
FQ Cl HE 
HV IN JH 
HW 10 Jl 
HX IP JJ 
FX CP HK 
rv GQ Hl 
FZ CR HH 
HY I Q JK 
HZ IR JL 
lA IS JC 
FU CH Hf 
FV CN HJ 
FW CO HE 
18 IT JH 
IC lU JH 
10 IV JJ 
CO rN HO 
CE CW HP 
Cf CX HH 
I( lW JO 
IF IX JP 
IC IY JC 
CA eS HH 
CB er HN 
CC CU HE 
IH IZ JQ 
II JA JR 












































17 Ja 19 20 
180 0 0 0 
0 0 180 0 
0 0 0 0 
0 0 0 0 
0 0 180 0 
0 180 0 0 
0 0 180 0 
180 0 180 180 
0 180 0 0 
0 0 180 180 
150 0 0 180 
0 0 0 0 
0 0 180 180 
180, 0 0 ISO 
0 180 0 0 
0 0 0 0 
180 0 180 0 
0 0 0 0 
140 0 0 0 
0 0 0 0 
0 180 0. 0 
0 0 0 0 
180 0 0 0 
0 0 0 0 
180 140 180 180 
180 0 180 140 
0 180 180 0 
180 180 180 180 
180 0 180 180 
180 0 0 0 
180 180 180 140 
180 180 0 0 
180 180 0 180 
180 0 180 0 
0 180 ISO 0 
0 0 180 180 
180 0 180 0 
180 180 0 180 
0 180 0 0 
0 0 ISO 0 
180 0 0 180 
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ßC Oll BI 
CC CH Cl 
AR AS AT 
BJ BK BL 
CJ CK CL 
or or oc 
0W OX DV 
EU (V (W 
OH 01 OJ 
DZ (A EB 
EX EY EZ 
ro FP ro 
GC GH GI 
HC HO H( 
rR rs rr 
CJ CK CL 
HF HC HH 
HS HT HU 
IK IL IH 
JE JF JC 
HV HW HX 
IN 10 IP 
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JS JT JU 
JT KK XL 
JU KL LA 
JV JW JX 
JW KH KN 
JX KN L8 
JY KO LC 
JZ KP LD 
KA KQ L( 
K8 KR Lf 
KC KS LC 
KD KT LH 
K( KU LI 
Kr KV W 
KC KW LE 
KH KX LK 
Kl KY LL 
KJ KZ LH 
25 26 27 
0 0 180 
140 140 0 
0 0 0 
180 180 0 
0 0 180 
180 0 180 
0 0 0 
0 180 180 
180 180 0 
180 180 110 
0 0 0 
0 0 180 
180 180 180 
180 180 0 
0 180 0 
1110 0 140 
180 110 0 
180 0 180 
180 180 180 
180 180 0 
180 180 0 
180 180 180 
180 180 180 
180 180 180 
180 180 180 
180 180 180 
180 180 0 
180 0 0 
0 0 0 
180 180 180 
0 0 0 
0 0 180 
0 0 0 
180 0 180 
180 0 0 
0 180 0 
180 180 0 
180 0 180 
180 0 0 
0 180 0 
180 180 0 
180 180 0 
28 29 30 
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HV HW HX 
IN 10 IP 
JH J I JJ 
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JE JF JC 
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JW KH KH 
JX KN Lß 
JS JT JU 
JT KK KL 
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KB KR LF 
KC KS LC 
KO KT LH 
JY KO LC 
JZ KP LD 
KA KQ L[ 
KH KX LK 
K I KY LL 
KJ KZ LH 
K( KU LI 
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SY .... CTRY COOROIH4TCS 
IR M IR 0 M IR 0 M IR 0 M IR 0 M IR 0 M 
1 1 1 1 2 1 1 l 1 1 4 I 1 5 1 I 6 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.0 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 o.o o.o 0.0 0.0 o.o 0.0 0.0 
o. 70711 0.00000 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 o.o 
0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 o.o 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 
0. 70711 0.00000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 
0.0 0.0 0.0 o.o 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 o. 70711 0.00000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 o. 70711 0.00000 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 0. 70711 0.00000 o.o 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 o.o 0.0 0.0 o.o 0.0 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 
0.0 0,0 0.0 0.0 0. 70711 0.00000 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 o.o 
0.0 0.0 o.o 0.0 o.o 
0.0 0.0 0.0 0.0 0.0 0.0 o.o o.o 0.0 o.o o.o o.o 
o.o 0.0 0.0 0.0 0.0 0.0 0.70711 
0.0 0.0 
o.ooooo 0.0 o.o 0.0 o.o 
0.0 0.0 0.0 0.0 o.o 0.0 0.0 o.o o.o o.o 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0,0 
0.0 0.0 o.o o.o 0.0 
0.0 0.0 0.0 o. 70711 0.00000 
0.0 0.0 
0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 o.o 0.0 0,110825 o.ooooo 0.00000 -0.00000 
0.0 o.o o.o o.o 0.0 0.0 
o.o 
0.0 0.0 0.0 o.o 0.40825 0.00000 
0.0 0.0 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 o.o 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 •0.110825 -o.ooooo ·0.00000 o.ooooo 
o.o 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 o.o •0.40825 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-o.ooooo 
0.0 0.0 0.0 
O;O o.o 0.0 o.o 
0.0 0.0 0.0 o.o 0.0 •0.20412 -o.ooooo 
0.0 0.0 o.o 0.0 
·0.35355 -o.ooooo 
0.0 0.0 
0.0 0.0 0.0 0.0 0.35355 o. 00000 ·0.20412 -o.ooooo 
o.o o.o 0.0 0.0 0.0 0.0 0.0 o.o 
o.o o.o 0.0 0.0 0.0 
0.0 0.0 
u.o 0.0 0.0 0.20412 o.ooooo 0.3~355 0.00000 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
o.o 0.0 o.o 0.0 0.0 0.0 
•0.35155 -o.ooooo 0.20412 0.00000 
0.0 0.0 0.0 o.o 0.0 0.0 
0.0 0,0 o.o 0.0 0.0 0.0 0.0 0.0 •0.20412 -o.ooooo 0.35355 0.00000 
0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 •0.35355 -o.ooooo •0.20412 
0.0 0.0 o.o 0.0 0.0 0.0 
-o.ooooo 
0.0 0.0 o.o 
0.0 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 0.0 o.o o.o 0. 20412 o.ooooo ·0.35355 •0.00000 
0.0 0.0 o.o 0.0 0.0 0.0 o.o o.o O.J5J55 o.ooooo 0. 20~ 12 0.00000 
0.0 0.0 o.o o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o 
IR 0 M IR 0 11 IR 0 11 IR 0 11 IR 0 11 IR 0 M 
1 1 7 2 I I 2 1 2 2 1 J 2 I 4 2 1 5 
0.0 o.o o. 50000 0.00000 o.o 0.0 0.0 0.0 0.0 o.o 0.0 o.o 
0.0 0.0 -o.ooooo o. 50000 0.0 o.o o.o 0.0 0.0 o.o 0.0 o.o 
o.o 0.0 0.0 0.0 0.0 0.0 o.o o.o o.o o.o o.o 0.0 
0.0 0.0 0.50000 0.00000 o.o o.o o.o 0.0 0.0 o.o 0.0 0.0 
0.0 o.o -o.ooooo o. 50000 o.o 0.0 0.0 0.0 0.0 o.o o.o o.o 
0.0 0.0 o.o 0.0 o.o o.o o.o 0.0 0.0 o.o o.o 0.0 
0.0 0.0 o.o o.o 0. 50000 0.00000 0.0 o.o 0.0 o.o 0.0 o.o 
o.o 0.0 0.0 o.o ·0.00000 0. 50000 o.o o.o 0.0 o.o 0.0 o.o 
o.o 0.0 o.o 0.0 0.0 0.0 o.o o.o 0.0 o.o o.o o.o 
o.o o.o o.o o.o 0.50000 0.00000 0.0 0.0 0.0 o.o o.o o.o 
o.o 0.0 o.o 0.0 -0.00000 o. 50000 o.o o.o 0.0 o.o o.o o.o 
0.0 o.o o.o o.o 0.0 o.o 0.0 o.o 0.0 o.o o.o 
0.0 
0.0 0.0 o.o o.o 0.0 0.0 0.50000 0.00000 0.0 o.o o.o 0.0 
o.o 0.0 o.o 0.0 0.0 o.o ·0.00000 o. 50000 o.o o.o o.o o.o 
o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 o.o 
o.o o.o 
0.0 0.0 0.0 o.o 0.0 o.o 0. 50000 0.00000 o.o o.o o.o 
0.0 
o.o 0.0 o.o o.o 0.0 0.0 •0,00000 0.50000 0.0 o.o 0.0 
o.o 
0.0 o.o o.o 0.0 o.o 0.0 o.o 0.0 0.0 o.o 
o.o o.o 
o.o o.o o.o o.o 0.0 0.0 0.0 o.o 0.50000 o.ooooo 
o.o 0.0 
0.0 0.0 o.o 0.0 o.o 0.0 o.o o.o ·0.00000 0.50000 
o.o 0.0 
0.0 o.o o.o 0.0 o.o o.o 0.0 0.0 o.o o.o 
0.0 o.o 
o.o 0.0 o.o o.o 0.0 0.0 o.o o.o 0.50000 0.00000 
o.o o.o 
o.o 0.0 o.o 0.0 0.0 0.0 0.0 o.o -o.ooooo 0.50000 
o.o o.o 
o.o o.o o.o 0.0 o.o o.o o.o 0.0 o.o o.o 
o.o o.o 
0.0 o.o o.o 0.0 o.o o.o o.o o.o o.o o.o 
0.40825 0.00000 
o.o o.o o.o 0.0 0.0 o.o o.o 0.0 o.o 
o.o o.o o.o 
0.40825 0.00000 o.o o.o o.o 0.0 o.o o.o 0.0 o.o 
0.0 0.0 
o.o 0.0 o.o o.o 0.0 0.0 o.o o.o o.o 
o.o 0.40825 0.00000 
o.o o.o o.o o.o 0.0 o.o o.o o.o 0.0 
o.o 0.0 o.o 
0.~0125 o.ooooo o.o o.o 0.0 o.o o.o 0.0 o.o o.o 
o.o o.o 
o.o o.o 0.0 0.0 0.0 o.o o.o o.o o.o 
o.o 0.10206 -o. 17671 
o.o o.o o.o o.o o.o o.o 0.0 o.o 0.0 o.o 
•0. 17671 O.l0619 
0.~0825 o.ooooo o.o o.o 0.0 o.o o.o o.o o.o 
o.o 0.0 o.o 
0.0 o.o o.o o.o o.o 0.0 o.o o.o o.o 
o.o o. 10206 •0. 17678 
o.o o.o o.o 0.0 0.0 o.o o.o o.o o.o 
o.o -o. 17671 O.l0619 
0.~0825 o.ooooo o.o 0.0 0.0 o.o o.o 0.0 o.o 
o.o o.o o.o 
o.o 0.0 o.o 0.0 0.0 o.o o.o o.o o.o 
o.o 0.10206 o. 17678 
o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o. 17671 O.l0619 
0.40125 0.00000 o.o o.o 0.0 o.o o.o 0.0 o.o 
o.o 0.0 o.o 
o.o o.o o.o 0.0 o.o o.o o.o o.o o.o 
o.o 0.10206 o. 17678 
o.o o.o o.o o.o o.o o.o 
0.0 o.o o.o o.o 0.17671 o. J0619 
0.~0125 o.ooooo o.o 0.0 0.0 o.o o.o o.o o.o 
o.o o.o o.o 
IR 0 M IR 0 11 IR 0 M IR 0 M 
IR 0 M IR 0 N 
2 1 6 z I 7 2 z I 2 2 2 2 2 l 
2 2 4 
o.o 0.0 o.o o.o 0.50000 0.00000 o.o 0.0 o.o 
o.o o.o 0.0 
o.o 0.0 0.0 o.o o.ooooo •0. 50000 o.o o.o 
o.o o.o 0.0 0.0 
0.0 0.0 o.o 0.0 0.0 o.o 0.0 o.o 
0.0 o.o o.o 0.0 
o.o 0.0 o.o o.o o. 50000 0.00000 0.0 o.o 
o.o o.o 0.0 0.0 
o.o o.o o.o 0.0 o.ooooo -0.50000 o.o 0.0 
0.0 o.o o.o 0.0 
o.o 0.0 o.o 0.0 0.0 o.o o.o o.o 
o.o o.o 0.0 o.o 
o.o o.o o.o o.o o.o o.o 
0.50000 o.ooooo o.o o.o 0.0 0.0 
o.o 0.0 o.o 0.0 o.o 0.0 0.00000 •0.50000 
0.0 o.o o.o o.o 
0.0 o.o o.o o.o o.o o.o o.o o.o 
o.o o.o 0.0 0.0 
o.o o.o o.o 0.0 0.0 0.0 o. 50000 o.ooooo 
o.o o.o 0.0 0.0 
o.o 0.0 o.o o.o o.o 0.0 0.00000 -0.50000 
0.0 o.o o.o 0.0 
0.0 o.o o.o 0.0 0.0 o.o o.o o.o 
o.o o.o o.o 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 
0.50000 o.ooooo 0.0 0.0 
0.0 o.o o.o o.o 0.0 o.o 0.0 
0.0 0.00000 •0.50000 0.0 0.0 
o.o o.o o.o 0.0 0.0 0.0 0.0 
o.o 0.0 o.o o.o 0.0 
o.o o.o o.o o.o 0.0 0.0 o.o 
0.0 0. 50000 o.ooooo 0.0 0.0 
0.0 o.o o.o o.o o.o 0.0 o.o 
0.0 0.00000 •0. 50000 0.0 0.0 
0.0 o.o 0.0 o.o 0.0 0.0 0.0 
0.0 o.o o.o o.o 0.0 
0.0 o.o 0.0 o.o 0.0 0.0 0.0 
0.0 0.0 o.o 0.50000 0,00000 
o.o 0.0 o.o 0.0 o.o 0.0 o.o 
o.o 0.0 o.o 0.00000 -o. 5oooo 
o.o o.o o.o o.o 0.0 o.o o.o 
0.0 o.o o.o o.o 0.0 
o.o 0.0 o.o o.o o.o 0.0 0.0 
0.0 o.o o.o 0.50000 0.00000 
0.0 0.0 o.o o.o 0.0 o.o o.o 
0.0 0.0 o.o 0.00000 •0.50000 
0.0 0.0 o.o o.o 0.0 0.0 o.o 
o.o o.o o.o 0.0 0.0 
-o.ooooo o.ooooo 0.0 o.o 0.0 0.0 0.0 
0.0 o.o o.o o.o 0.0 
0.40825 o.ooouo o.o o.o 0.0 0.0 o.o 
0.0 o.o o.o o.o 0.0 
o.o 0.0 0,40825 0.00000 0.0 0.0 0.0 
0.0 o.o o.o 0.0 0.0 
·0.00000 0.00000 o.o o.o 0.0 0.0 o.o 
0.0 0.0 0.0 o.o 0.0 
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o.o 0.0 o.o o.o o.o o.o o.o o.o o.o 0.0 0.0 0.0 o.•0825 o.ooooo 0.0 o.o 0.0 0.0 0.0 0.0 -0.40825 -o.ooooo o.o 0.0 0.0 0.0 o.o 0.0 0.0 0.0 o.o 0.0 0.0 
o.o o.o 0.0 0,17678 -0.30619 0.0 o.o 0.0 o.o o.o 0.0 0.0 
o.o 0.0 0.0 0.10206 -o. 17678 0.0 0.0 o.o 0.35355 o.o 0.0 0.0 
o.o o.o 0.0 o.o -o. zo•12 o.o 0.0 0.0 o.o 0.0 0.0 o.o 
o.o o.o 0.17678 •0.30619 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 
o.o o.o 
0.10206 -o. 17678 0.0 
o.o 0.0 0.0 o.zo•u -o. 3~35~ o.o 0.0 o.o o.o 0.0 0.0 o.o o.o 0.0 0.0 
-0.17678 -0.30619 0.0 o.o o.o 0.0 o.o 
o.o o.o o.o 0.0 o.o o.o 0.0 o.o o.o 0.0 0.0 0. 10206 0.17678 o.o o.o 0.0 0.0 
-0.20•12 -o. 35355 o.o 0.0 o.o 0.0 o.o 
-o. 17678 -0.30619 o.o o.o o.o 0.0 o.o o.o 0.0 o.o o.o 0.0 0. 10206 0.17618 0.0 o.o o.o 0.0 o.o o.o 0.0 0.0 o.o 0.0 
o.o o.o 0.20.12 0.35355 o.o o.o o.o 0.0 o.o o.o o.o 0.0 
IR 0 H IR 0 H IR 0 H IR 0 H IR 0 H IR 0 H 
2 2 5 2 2 6 2 2 7 l \ 1 l \ 2 l \ J 
o.o 0.0 0.0 o.o o.o 0.0 0.50000 o.ooooo 0.0 0.0 o.o 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.ooooo -0.50000 o.o 0.0 o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 o.o 0.0 o.o o.o 0.0 0.0 0.0 0.0 o.o o.o o.o -0.50000 -o.ooooo 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o o.o 0.0 -o. ooooo 0.50000 0.0 0.0 o.o 0.0 
u.o o.u 0.0 o.o o.o 0.0 0.0 o.o o.o 0.0 0.0 0.0 0.0 0.0 0.0 o.o o.o 0.0 0.0 o.o o. ~0000 0.00000 o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o 0.0 0.00000 -0.50000 0.0 0.0 0.0 0.0 o.o o.o o.o 0.0 o.o o.o 0.0 0.0 o.o 0.0 
o.o 0.0 0.0 o.o o.o -o. 5oooo -o.ooooo 0.0 0.0 o.o o.o o.o 0. 50000 o.o 0.0 0.0 o.o o.o ·0.00000 0.0 o.o o.o o.o o.o 0.0 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 o.o 0.50000 0.00000 o.o 0.0 o.o 0.0 0.0 0.0 0.0 o.o o.o o.o 0.00000 -o. 5oooo 0.0 o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 0.0 o.o o.o o.o 
-o.ooooo 0.0 0.0 o.o 0.0 o.o 0.0 o.o o.o 0.0 0.0 -0.50000 o.o o.o o.o 0.0 o.o o.o o.o o.o -o.ooooo 0.50000 o.o 0.0 
o.o 0.0 o.o o.o 0.0 0.0 o.o 0.0 0.0 0.0 o.o o.o 0.0 o.o o.o o.o 0.0 o.o 0.0 o.o o.o o.o 0.0 0.0 o.o o.o o.o 0.0 0.0 0.0 o.o 0.0 0.0 o.o 0.0 0.0 0.0 0.0 o.o o.o o.o o.o o.o 0.0 o.o o.o 0.0 o.o 0.0 o.o o.o o.o o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 o.o o.o 0.0 o.o 0.0 o.o o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 o. •ou5 0.00000 ·0.00000 -o.ooooo o.o o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o 0 .• 0825 0.00000 o.o 0.0 o.o o.o 0.0 o.o o.o 0.0 0.0 o.o 0.0 o.o o. 40825 0.00000 o.o o.o o.o 0.0 0.0 0.0 o. •osz5 0.00000 
-0.00000 -o.ooooo o.o 0.0 o.o 0.0 0.0 o.o 0.0 0.0 o.o 0.0 o.•o825 o.ooooo o.o 0.0 o.o o.o o.o 0.0 0.0 0.0 o.o o.o o.o o.o •0 .• 0825 -o.ooooo o.o o.o 0.0 o.o 0.0 0.0 0. 10206 0.17678 0.17678 0.30619 o.o o.o o.o o.o o.o o.o o.o 0.0 •0.17678 -0.30619 0.10206 0.17678 o.o 0.0 0.0 o.o 0.0 o.o 0.0 0.0 0.0 0.0 o.o o.o 
-o.zo•12 ·0.35355 o.o o.o o.o o.o o.o 0.0 0. 10206 0.17678 0.17671S o. 30619 o.o o.o 0.0 o.o 0.0 o.o 0.0 o.o 
-o. 17678 •0.10619 0.10206 0. 17678 o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 o.o 0.0 0.0 0.20412 0. 35355 o.o o.o 0.0 0.0 o.o 0.0 0. 10206 •0.17678 -0.17675 o. 30619 o.o 0.0 o.o o.o 0.0 o.o 0.0 o.o o. 17671S -0.30619 o. 10206 -o. 17678 o.o o.o o.o o.o o.o o.o 0.0 o.o o.o o.o 0.0 0.0 
-0.20•12 0.35355 o.o o.o 0.0 0.0 0.0 0.0 0. 10206 
-o. 1767a -o. 17671S O.J0619 o.o 0.0 o.o o.o o.o o.o o.o 0.0 0. 17671 
-o. 30619 0.10206 -0.17678 o.o o.o o.o o.o o.o o~o o.o 0.0 o.o o.o o.o o.o 0.20412 
-o. 35l55 o.o o.o o.o o.o o.o 0.0 IR 0 
" 
IR 0 H IR 0 
" 
IR 0 H IR 0 
" 
IR 0 H l 1 II l I 5 l 1 6 3 1 1 3 2 1 3 2 2 o.o o.o o.o o.o o.o 0.0 o.o o.o 0.50000 o.ooooo o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
-o.ooooo 0.50000 0.0 0.0 0.0 o.o o.o o.o o.o o.o o.o o.o 0.0 0.0 o.o 0.0 o.o 0.0 o.o o.o o.o o.o o.o o.o ·0.50000 
-o.ooooo o.o 0.0 o.o 0.0 o.o 0.0 o.o o.o o.o o.o 0.00000 -o.~oooo o.o 0.0 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.50000 o.ooooo· 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.0 -o. ooooo 0.50000 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o o.o o.o -0.50000 -o.ooooo o.o o.o o.o o.o 0.0 o.o o.o o.o o.o o.o o.ooooo -0.50000 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o o.o o.o o.o 0.0 o.o o.o o.o o.o o.o o.o 0.0 o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o 0.0 0.0 o.o o.o o.o 0.0 0.0 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o 0.0 0.0 o.o o.o o.o o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o 0.0 o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o 0.0 o. 50000 0.00000 o.o o.o o.o o.o o.o o.o o.o 0.0 o.o o.o 0.00000 •0.50000 o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 0.0 0.0 o.o o.o 0.0 o.o o.o o.o o.o 0.0 0.0 0.0 ·0.50000 -o.ooooo o.o o.o 0.0 o.o o.o o.o o.o 0.0 0.0 0.0 ·0.00000 o. 50000 o.o o.o o.o 0.0 o.o o.o o.o o.o o.o 0.0 0.0 0.0 o.o o.o o.o 0.0 o.o o.o o.o o.o o.o 0.0 0.0 0.0 O.•OIS25 o.ooooo 0.00000 
-o.ooooo o.o o.o 0.0 o.o o.o 0.0 o.o 0.0 o.o o.o 0 •• 0825 0.00000 o.o o.o o.o o.o 0.0 o.o o.o 0.0 o.o o.o 0.0 o.o o. lo0825 o.ooooo o.o 0.0 0.0 o.o 0.0 0.0 -o. •oaz5 -o.ooooo 
-o.ooooo 0.00000 o.o o.o o.o 0.0 o.o o.o 0.0 0.0 o.o o.o 
-o. •oazs 
-o.ooooo o.o o.o o.o 0.0 o.o o.o 0.0 o.o o.o o.o o.o o.o O.loOIS25 o.ooooo o.o 0.0 0.0 o.o 0.0 0.0 o. 10206 0; 17678 o. 17671S 0.30619 o.o o.o o.o 0.0 o.o o.o 0.0 0.0 -0.17678 •0.30619 o. 10206 o. 17671S o.o o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o o.o 0.0 
-o.zo•12 
-0.35355 o.o 0.0 0.0 o.o o.o 0.0 -o. t0206 •0. 17671S -o. 17678 ·0.30619 o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.17678 o. 30619 -o. 102o6 ·0.17678 o.o o.o 0.0 0.0 o.o o.o o.o 0.0 o.o o.o o.o o.o 
-0.20•12 •O.l5l55 0.0 o.o o.o 0.0 0.0 0.0 0.\0206 -0.17678 -0.17678 o. 30619 o.o o.o o.o 0.0 o.o o.o o.o 0.0 o. 17671S -0.30619 0. 10206 
-0.17678 o.o o.o o.o o.o o.o o.o 0.0 0.0 0.0 o.o 0.0 o.o 
-o. zo"u 0.35355 o.o o.o 0.0 0.0 0.0 0.0 -o. 102o6 0.17678 0. 17671S 
-o. 30619 o.o o.o 0.0 0.0 o.o 0.0 0.0 0.0 ·0.17678 o. 30619 -o. 1o2o6 0. 17671S o.o o.o 0.0 0.0 o.o 0.0 o.o 0.0 Q.Q o.o 0.0 o.o 
·0.20 .. 12 0.3535~ 0.0 o.o o.o o.o 
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3 2 ~o.o o.~~ g ~o.o o.~~ g ~o.o o.~= ~ 
o"o o"o o.o o.o o.o o.o o.o o.o o.o o.o o o g·g 
g:g g:g g:3 g:~ g:g g:g g:g g:g g:g g:g g:bo111 g:gooo1 
0.0 0.0 0.0 0.0 0.0 ~:g g:g g:g U.O O.O .g:~071 1 .g:g0001 g.o o.u o.o o.o o.u o.o o.o o.o ~:Z z:g o.o o.o 
0
·g g·g o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 




.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0 · 0 
o"o o·g o.o o.o o.o o.o o.o o.o o.o o.o o.o o:o 
o:5oooo o:ooooo g:g g:g g:g g·g 0· 0 o.o o.o o.o o.o o.o 
-g:goooo uoouo g:g g:g g:g g:g g:g g:g g:g u u g:g 
"g:ggggg =g:~gggg g:g g:g g:g g:g g~g g~g g~g g:g g:g g:g 
g:g g:g .g:5gggg g:~zggg g:g g:g g:g g:g g:g U U g:g U U -Ugggg :Ugggg U U g:g g:g g:g g:g g:g U 
0.0 o.o 0.0 0.0 0.0 0.0 g:g g:g g:g g:g g:g g:g 
0.0 o.o 0.0 0.0 0.40~ o.ooooo 0.00000 0.00000 0.0 0.0 o.o 0.0 
0.0 0.0 o.o 0.0 0.0 o.o 0.40825 0.00000 0.0 0.0 0.0 0.0 
0.0 o.u o.o 0.0 0.0 0.0 0.0 0.0 0.408Z5 0.00000 0.0 0.0 
o.o o.o o.o o.o -o.40&25 -o.ooooo -o.ooooo -o.ooooo o.o o.o o.o o.o 
0.0 0.0 0.0 0.0 0.0 0.0 -0.40825 -0.00000 0.0 0.0 0.0 o.o 
o.o 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.40825 0.00000 0.0 0.0 
0.0 0.0 0.0 0.0 0.10206 -0.17678 0.17678 -0.30619 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 -0.17678 0.30619 0.10206 -0.17678 0.0 0.0 0.0 o.o 
o.o 0.0 0.0 0.0 0.0 0.0 o.o o.o -0.20412 0.35355 o.o 0.0 
0.0 0.0 0.0 0.0 -0.10206 0.17678 -0.17678 0.30619 0.0 0.0 0.0 0.0 
o.o o.o o.o o.o 0.17678 -o.3o619 -o. 102o6 0.17678 o . .o o.o o.o o.o 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o -0.20412 0.35355 0.0 o.o 
0.0 0.0 0.0 0.0 0.10206 0.17678 -0.17678 -0.30619 o.o 0.0 0.0 0.0 
0.0 0.0 0.0 o.o 0.17678 0.30619 0.10206 0.17678 0.0 0.0 0.0 0.0 
o.o o.o 0.0 0.0 0.0 0.0 0.0 0.0 -0.20412 ·0.35355 0.0 0.0 
o.o 0.0 0.0 0.0 -0.10206 -0.17678 0.17678 0.30619 0.0 0.0 0.0 0.0 
o.o o.o o.o o.o -0.17678 -0.30619 -o. 102o6 -0.17678 o.o o.o o.o o.o 
0.0 D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.20412 -0.35355 0.0 0.0 
IR H IR 0 H IR 0 H IR 0 14 IR 0 H IR 0 H 
412 413 414 415 416 417 
0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 o.o 0.0 o.o 0.0 o.o o.o 0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 o.o 0.0 
0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o 0.0 
0.0 0.0 0.0 0.0 0.0 o.o 0.0 o.o 0.0 0.0 0.0 0.0 
0.0 o.o 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.70711 0.00001 0.0 0.0 0.0 o.o o.o 0.0 0.0 o.o 0.0 0.0 
0.0 0.0 0.0 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o o.o 
o.o o.o 0.0 0.0 o.o 0.0 o.o 0.0 0.0 0.0 0.0 0.0 
-0.70711 -0.00001 o.o 0.0 0.0 o.o 0.0 o.o o.o o.o 0.0 0.0 
o.o o.o 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.o 0.0 
0.0 0.0 0. 70711 0.00001 0.0 o.o o.o o.o o.o 0.0 o.o 0.0 
o.o 0.0 o.o o.o 0.0 0.0 o.o o.o o.o o.o o.o 0.0 
0.0 o.o 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 
o.o 0.0 -0.70711 -0.00001 0.0 o.o o.o 0.0 o.o 0.0 o.o o.o 
0.0 0.0 0.0 o.o 0.0 0.0 0.0 o.o 0.0 o.o 0.0 o.o 
o.o 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.o 0.0 o.o 0.0 
0.0 0.0 0.0 0.0 0.70711 0.00001 0.0 0.0 0.0 o.o o.o o.o 
o.o 0.0 o.o o.o o.o o.o o.o 0.0 0.0 o.o o.o 0.0 
o.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 
o.o o.o o.o o.o -o. 10111 -o.oooo1 o.o o.o o.o o.o o.o o.o 
o.o o.o o.o o.o o.o o.o o.40825 o.oooo1 -o.ooooo -o.ooooo o.o o.o 
o.o 0.0 o.o o.o o.o 0.0 0.0 0.0 0.40825 0.00001 0.0 0.0 
o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o o.o 0.401125 0.00001 
o.o o.o o.o o.o o.o o.o 0.401125 o.ooooo -o.ooooo -o.ooooo o.o o.o 
o.o 0.0 o.o o.o o.o o.o 0.0 0.0 0.40825 0.00000 o.o 0.0 
o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o -0.401125 -o.ooooo 
o.o o.o o.o o.o o.o o.o -o.2a412 -o.ooooo -o.J5355 -o.ooooo o.o o.o 
o.o o.o o.o o.o 0.0 0.0 0.35355 0.00000 -0.20412 -0.00000 0.0 0.0 
o.o 0.0 0.0 o.o o.o o.o 0.0 0.0 0.0 o.o 0.401125 0.00000 
o.o o.o o.o o.o o.o o.o -0.20412 -o.ooooo -0.35355 -o.ooooo o.o o.o 
o.o o.o o.o o.o o.o o.o 0.35355 o.ooooo -o.2041Z -o.ooooo o.o o.o 
o.o 0.0 0.0 o.o o.o 0.0 o.o 0.0 o.o o.o -0.401125 -0.00001 
o.o o.o o.o o.o o.o o.o -0.20412 -o.ooooo o.35355 o.ooooo o.o o.o 
o.o o.o o.o o.o o.o o.o -0.35355 -o.ooooo -o.2041Z -o.ooooo o.o o.o 
o.o o.o 0.0 0.0 o.o 0.0 0.0 0.0 o.o o.o 0.401125 0.00000 
o.o o.o o.o o.o o.o o.o -0.20412 -o.ooooo o.35355 o.ooooo o.o o.o 
g:g U g:g g:g g:g g:g ·t~5m -g:goooo -g:~0412 -g:goooo _g:~01125 -Uoooo 
----------------------------------------------------------------------------------------------------------------------------------ELEHENTS or THE 8LOCK•OIACOIIALIZED OYNNIICAL I<ATRIX 
----------------------------------------------------------------------------------------------------------------------------------IR NUMß(R 15 INrRARED ACTIV[. 
IR NUH8ER 1 15 RAHAll ACTIVE. 
IR NUMB[R. 2 IS INFRARED ACTIVE. 
IR NUH8ER 2 15 RNWI ACTIVE. 
1 R NUf411ER 3 I S RNWI AC Tl VE. 
----------------------------------------------------------------------------------------------------------------------------------
······•··•···········································•·····•·····•····•·•·····•··••··············································· 
CROU, THEORETICAL ANALYSIS or TH[ K LI S04•STRUCTURE 













































IR( 4) IR( 5) IR( 6) 
1.0 -o.o 1.0 -o.o 1.0 -o.o 
-1.0 o.o -o.s o.9 o.5 o.9 
1.0 -o.o -o.s -o.9 -o.5 o.9 
-1.0 o.o 1.0 -o.o -1.0 o.o 
1.0 -o.o -o.s o.9 -o.s -o.9 
-1.0 o.o -o.s -o.9 o.s -o.9 
TADLE or PHASES ANO CHARACTERS FOR THE T I<ATRICES. 
Tll( CIIARACTER or T(R( 1)) 15 ( 42.00000, 0.0 
--------------------------------------------------
Tlt( CIIARACTER OF T(R( Zll IS ( 0.0 0.0 
--·------·----------------------------------------
llt( CIIARACTER OF T(R( lll IS ( 0.0 0.0 
--·-----------------------------------------------
Appendix A. Example for the Application of U:\ISOFT 59 
A.2 liVD 
OCTPLT 
THERE ARE 01 HERENT UN II TYPES 
NAHE LV 
UNI T I • Kl 
UNI T 3 • Llt 
UNIT 5 • SI 
UNIT 1 • 01 
UNI T 9 • 02 
A HAXIHUH or 32 INI(RACTIONS CAN BE SPECI r I ED 
NAH( LV 
INTERACTION I BE TW((N Kl ANO K I 
I NI[RACT ION 2 ß[ IWII N k I ANIJ K2 
INT(RACT ION 3 ß(IW((N Kl ANO Llt 
INT(RACT ION 4 BEIWEIN Kl ANO L 12 
INI(RACTION 5 ß(TW((N K I ANO SI 
INTERACTION 6 BE lW( (N kl ANIJ 52 
INTERACTION 7 BEIW((N Kl ANO 01 
INTERACTION 8 BETW((N K I ANO 05 
INTERACTION 9 ß(TW((N Kl ANO 02 
I NI(RACT I OH 10 B(IWHN Kl ANO 06 
INI(HACTION II 8(TW((N Llt ANO Ll1 
INTERACTION 12 ßETW((N LII ANO Ll2 
I Nl[RACT ION I J BETW((N Ll1 ANO 51 
INI(RACT ION I~ ß(TW[[N Llt AHO S2 
INTERACTION 15 8( TW((N Ll1 ANO 01 
INTERACTION 16 B(TW((N Lll ANO 05 
INTERACTION 17 BETW((N Llt ANO 02 
INI(RACT ION 18 BETW((N Llt ANO 06 
INTERACTION 19 8( TWl(N 51 ANO SI 
INTERACTION 20 BETW((N 51 ANO 52 
IN I (RACT I ON 21 ß(TW((H 51 ANO 01 
IN I[RACT ION 22 BE!W([N 51 ANO 05 
IN I(RACT I ON 23 B(TW((N SI ANO 02 
INTERACTION 2~ BETWEEN SI ANO 06 
INTERACTION 25 B(TW((N 01 ANO 01 
INTERACTION 26 SETWHN 01 ANO 05 
INTERACTION 27 BET'WHN 01 ANO 02 
INTERACTION 28 BETW((N 01 ANO 06 
INTERACTION 29 BET'W((N 02 ANO 02 
INTERACTION 30 BETW((N 02 ANO 06 
INTERACTION Jl BETWEEN 02 ANO OJ 
INTERACTION l2 BtT'WttN 02 ANO 07 








K1 HAS 6 N(IC1t80RS Of TYPE K1 
K1 HAS 2 N(ICHBORS Of TYPE K1 
K1 HAS 6 N[ICHBORS Of TYPE K1 
K1 HAS 12 N[ICH80RS Cf TYPE K1 
K1 HAS 6 NEICH80RS Of TYPE K1 
Kl HA$ 12 H(ICHBOAS OF TYP( Kl 
2 0 
15.00 
AT TH( 0 IST AHC[ 5.14 A I H TIIE C(LLS 111 Tlt RADIUS V(CTOR 
I ·1 ·I 0) ·2.H1 -4.453 o.o 
I •1 0 0) -5. 142 O.D o.o 
I 0 ·1 0) 2.H1 •4.453 o.o 
I 0 I 0) ·2.571 4. 453 o.o 
I 1 0 01 5.142 0.0 o.o 
I 1 I 01 2.571 4.4Sl o.o 
AT THE OISTANCE 8.62 A IN THE CELLS 111 TH RAD I US Y[CTOR 0 0 • I) o.o 0.0 •8.624) 
0 0 II o.o o.o 1.6241 
AT THE OISTANCE 8.91 A IN THE CELLS : WITH RADIUS VECTOR 
- (•2 •I Ol ·7. 71J •II. 453 o.o 
(•1 ·2 01 0.0 •1.906 o.o 
( •I I 0) ·7. 713 4.453 0.0 
( 1 •I 01 7. 71l ·4. 453 o.o 
I 1 2 Ol o.o 1.906 o.o 
I 2 I Ol 7. 71J 4.451 o.o 
AT THE OISTANCE 10.011 A IN THE CELLS Wl TH RADIUS VECTOR (•I ·I •I I •2.571 •II. 453 •8.6241 
( •1 • I 11 -2. ~11 .... 453 1.624) 
1·1 0 ·11 •5. 142 o.o •5.624) 
1•1 0 11 -5.142 o.o 8.6241 
I 0 -I -I) 2.571 ·4.4H •4.6241 
I 0 • 1 11 2.571 .... 453 5.6241 ( 0 I ·I) -2.571 ... 453 •5.624) 
I 0 1 11 -2.571 4.4Sl 5.6241 
( 1 0 ·11 5.142 0.0 •1.6241 
( I 0 11 5.142 0.0 1.6241 
( 1 I ·11 2.571 4.453 •1.6241 
I I I 1) 2.571 4.4Sl 1.6241 
AT THE OISTAHCE 10.28 A IN THE CELLS 111 TH RAD I US VECTOR c-z -2 01 ( -5.142 -a. 906 o.o 
I -z 0 01 (•10.254 0.0 o.o 
( o -2 01 ( 5. 142 -4.906 o.o 
( 0 2 0) ( -5. 142 5. 906 o.o 
( 2 0 01 ( 10.214 0.0 o.o 
( 2 2 0) ( 5. 142 5.906 o.o 
AT Tlt[ 01STANC[ 12. 40 A 1 H Tlt[ CELLS 111 TH RAD I US V(CTOR ( •2 ·1 ·I) -1. 71] -·. 453 •S. 62'< I 
1·2 -I 1) -7.71] -·. 451 a.624J 
(•I ·2 ·II 0.0 -4.906 •1.6241 
(•I -2 I) o.o •1.906 5.6241 
(•I I •I J -7.711 •.• 51 -5.6241 
1-1 I 1) •1. 711 ..... 51 5.624) 
I I ·1 ·1 J 7. 711 -4.451 ·5.6241 ( I -I 11 7. 713 -•. 45l 5.6241 
I I 2 ·II o.o 5.906 •5.6241 ( t 2 
" 
0.0 5. 906 5.6241 
I 2 1 ·I) 7. 71 l 4.451 •5.6241 
I 2 1 ,, 7. 71] •. 451 5.62"1 
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K1 HAS 12 ~(ICHBOAS Of TYP( K1 AT T~( OISTANC( 11.02 A IN TH( CELLS 
., HAS 12 ~( ICHBORS Of TYP( K1 AT TH[ OISTANC[ 11.60 A IN THE CELLS 
HAS 6 ~(ICHBORS Of TYP( ~1 AT TH[ JtSTANC( 1~.41 A iN THE CELLS 
AT TH( OISTANCE 16.11 A IN TH[ CELLS 
K1 HAS Z N[ICHBOIIS Of TYP( Kl AT TH( OISTANC[ 4,]1 A IN TH( CELLS 
HAS 12 N[ICHIOIIS Of TYP[ K2 Al IH[ OISTANC[ 6.71 A IN TH[ CELLS 
HA$ 12 ~[ICHIOR$ Of TYP[ KZ AT TH[ OISTANC[ 9.9D A IN TH[ CELLS 
K1 HA$ 12 ~( ICHBORS Of TYP( <2 Al TH( QISTANC( 11.:5 A IN TH( CELLS 
Wl TH RADIUS V(CTOR 
1-2 -2 •1) 
1·2 -2 1) 
1-2 0 -1) 
1-2 0 1) 
I 0 -z -1) 
I 0 -2 1) 
I D 2 -I) 
I D 2 1) 
I 2 D -I) 
I z D 1) 
I 2 2 -I) 
I 2 2 I) 
Wl TH RAD I US VECTDR 
I- 1 -2 D) (- 1 -1 D) 
(-2 -1 D) 
(-2 1 D) 
I • I -1 D) 
I -1 2 D) 
( 1 •2 0) 
( 1 l D) 
I 2 -I U) 
( 2 3 D) 
I 1 1 D) 
( 3 2 D) 
WITH RADIUS VECTDR 
( -1 -1 0) 
1-1 0 0) 
I D -1 0) 
I 0 1 0) 
I 1 0 0) 
I 1 3 0) 
Wl TH RADIUS VECTDR 
1-l -2 -1) 
1-l -2 1) ( -l -1 •1) 
I -l -I 1) 
1-2 -l -I) (•2 -l 1) 
1-2 1 -1) (-2 1 1) ( -1 -l •1) (-I •l 1) ( •1 2 -1) ( •1 2 1) 
( 1 -2 -1) 
( 1 -2 1) 
( 1 l •1) 
( 1 l 1) 
I 2 -1 -1) ( 2 •1 1) ( 2 l -1) ( 2 l 1) 
( l 1 -1) 
( l 1 1) 
( 1 2 •1) 
I l 2 1) 
WITH RAD I US VECTDR 
D D 0) 
0 0 1) 
WITH RADIUS V(CTOR 
( -1 -1 0) 
(-I •1 1) 
1•1 0 0) 
(•1 0 1) 
( 0 •1 0) 
( 0 -1 1) 
( D 1 D) 
( D 1 I) 
I 1 D Dl 
( I D 1) 
( 1 1 0) 
( 1 1 1) 
(•2 •1 
(-2 -1 
( •1 •2 
( •1 ·2 
( -1 1 
(•1 1 
( 1 -1 
( 1 •1 
( 1 2 
( 1 2 
( 2 1 
( 2 1 
1-2 -2 
1-2 -2 
( -2 D 
(·2 D 
( D -2 
1 D -2 
( D 2 
i D 2 
( 2 D 
( 2 D 
I 2 2 



























RAD I US V[CTOR 
RADIUS VECTOR 
1 -5.142 -8.9D6 
( -5.142 -8.906 
<-•o.za~_o.o 
(•10.284 0.0 
1 5.142 -8.9D6 ( ~.142 -8.9D6 
( -5.1112 8.9D6 
1 -5.142 8.906 ( 1D.284 D.D 
( 1D.284 D. D ( 5.142 8.906 




(-12.855 .... 51 
( 2.571·13.159 
I-ID.284 8.906 
1 ID.284 -8.906 ( -2.571 1].159 
( 12.855 ...... ~1 
( 2.571 13.359 
I 12.855 "·'•53 
I 1D.284 8.9D6 
I -7.713•13.3~<; 
1-15 ... 26 0.0 
( 7.71l-ll.l5\l 
I -7.713 13.359 
I 15.426 D.D 





1 -z. 571·13.359 






( 10.284 -8.9D6 
I 1D.284 ·8.906 
I ·2.571 13.359 
( -2.571 13.359 
( 12.855 •4,453 ( 12.855 •4.453 
I 2.571 11.359 
( 2.H1 11.359 ( 12.855 4.453 
( 12.855 4.453 
( 10.284 8.9D6 























































0.0 0.0 -4.312) 


















































































4. J 12, 
-4.312) 





-4. J 12, 
•. 312) 
-·. J 12) 4.J12) 
•4.312) 
4.312) 
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K 1 HAS 2 HE1CH80RS Of TYPE K2 AT TH( 01STANC( 12. 9" A 1 H THE CELLS 'MI TU RADIUS VECTOR : 
0 0 ·1 I 0. 0 0. 0 - 12. 9161 
0 0 21 0.0 0.0 12.9161 
K1 HAS 12 N(ICHBORS Of TYPE K2 AT TH( DISTANC( I ].92 A IN TH( CELLS WITH RAO I US VECTOR : 
1·1 ·1 •11 ·2. ~ 11 ·4 ... ~1-12.9161 
1·1 ·1 21 ·2. )11 ...... ~I 12.916) 
1·1 0 ·1 I -~. 1 .. 2 0.0 •12.9161 
1·1 0 21 -~. 1q2 0.0 12. 9161' 
I o ·I •II 2.H1 •4.4))•12, 9l61 
I 0 ·1 21 2. 571 ...... ~I 12.9161 
I 0 1 •II ·2. 5 71 ... ·~~- 12.9161 
I 0 1 21 ·2. ~71 ..... ~) 12.9161 
I 1 0 •11 ~. 142 0.0 -12.9161 
I 1 0 21 ~. 1 .. 2 0.0 12.9161 
I 1 1 •11 2. ~ 71 ..... ~1-12.9161 
I 1 1 21 2. ~71 ..... ~) 12.9161 
K1 HAS 24 H(ICH80RS Of TYP( K2 AT TH[ DISIANC[ 1q.27 A I H !HE CELLS Wl TH RADIUS V(CTOR 
l·l •2 01 - 10. 2e" -e. 906 .... 1121 
l·l ·2 11 ·10, 28" ·8.906 ... )121 
1·1 •1 0) -12.85~ ... ·~~ .... l121 
1·1 •1 11 ·12,85~ ...... 5l ... )121 
1·2 ·l 01 ·2.571•1).159 .... 1121 
1·2 ·J 1) ·2.511-1J.J~9 ... J 12) 
1·2 1 01 ·12.&55 ..... 51 .... 1121 
1•2 1 1) -12.&~5 .... 51 ... 1121 
1·1 •1 0) 2.511•13.159 .... 1121 
1·1 •1 11 2. 511- 1]. 359 ... 1121 
1·1 2 0) ·10. 284 8. 906 •4.112) 
1·1 2 11 -10.254 5 .9n6 ... 1121 
I 1 •2 01 10.254 ·5.906 .... 112) 
I 1 ·2 II 10.254 ·8.906 '<. J 12 I 
I I l 01 ·2. ~11 1). )59 ·• .1 I 2 I 
I 1 l 11 ·2. 571 I l. 159 '<. l I 21 
I 2 •1 01 12.8~~ •4,4S1 -·. ]121 
I 2 ·1 11 12.8~~ -4.4~) 4.)121 
I 2 l 0) 2, 51 I 1]. 1~9 -· .1121 
I 2 l 11 2.H1 1],159 4. 1121 
I l 1 01 12. 85) "·"51 .... )121 ( l 1 II !2.H5 "· 4~J ... l I 21 
I l 2 01 10.25" a. 906 -·. ]121 
I l z 11 1o.za• 8.906 ... 112) 
Kl HAS 12 N(ICHBORS OF TYPE K2 AT THE OISTANC( 1~. 71 A IN THE CELLS WITH RAD I US V(CTO~ ( ·2 •1 ·II -7. 71] ...... 5]•12.936) 
( ·2 ·1 2) -7. 71 l ... _ .. )] 12. 9l61 
(·I -2 •I) o.o •8.906•12.9361 
( ·1 ·2 2) 0.0 ·•. 906 12.9161 
1·1 1 •1) ·7. 711 ..... )]•12.9]6) 
1·1 1 2J ·7. 71l o.4H 12.9161 
I 1 •1 ·11 7. 71] ...... )]•12.9161 
I 1 •1 21 7. 71] •4. 4)] 12.9161 
I 1 2 ·1 J o.o 5.906·12.9161 
I 1 2 2) o.o a. 906 12.9161 
( 2 I ·II 7. 711 4.451·12.9)6) 
I 2 1 2) 7. 711 4. "51 12.9361 
K1 HAS 12 NEICHBORS OF TYPE K2 AT THE DISTANGE 16.02 A I" THE CELLS 
W1TH RAD I US VECTOR 
l•l •] 0) I ·7.71l•11.lS9 .... )121 
( ·l •] 1) I ·7.711•1].])9 4,]121 
l·l 0 0) 1·15.426 0.0 .... 1121 
(•J 0 I) 1•1).426 0.0 ... ]12) 
I 0 ·J 0) I 7. 71]•1].J~9 .... ]12) 
( 0 •] I) I 7. 711•1].]~9 ~.]121 
( 0 l 0) ( • 7. 71] 1l.H9 ·4 .l121 
I 0 l 1) I -7. 71] 1].1~9 •. ]121 ( l 0 0) I 15. "26 0.0 •4.]121 
I l 0 1) I 15. "26 0.0 •. ]12) 
I l l 0) I 7. 711 11.159 ·• .11 Z I 
I l l I) I 7. 7) l 1l.H9 •. J 121 
K1 HAS 12 N(ICHBOftS OF TYPE K2 AT THE DISTANCE 16.51 A IN THE CELLS 
lilfH RADIUS VCCTOI! 
(·2 -z ·1) ·5. 142 •1.906·12.9]61 
I•Z •Z 2) I -5. 142 ••• 906 12.9361 
1·2 0 ·I) 1- •o. zs• 0.0 •12.9!61 
1•2 0 2) 1·10.28" o.o 12.9161 
I 0 •2 •I) I ). , .. 2 -e. 906·12. 9l6 1 
1 o •2 21 I ). 142 
-·· 906 
12. 9]61 
I 0 Z •II I -s. '"2 a. 906·12. 9161 
I 0 2 2) I •),1 .. 2 a. 906 12. 9l61 
I 2 0 •1) I 10. 28" 
0.0 - 12.9361 
I 2 0 2) I 1 o. 284 
0.0 12.9161 
I 2 2 ·I) I 5. 142 
8.906•tZ.7l61 
( 2 2 2) I ). 1"2 •• 906 12.9161 
K1 AT THE 01 STANCE 
4.011 A IN THE CELLS W!TH 
RADIUS VCCTOR : 
HAS l NEICHBORS Of TYPE Lll 0 0 1) 0.0 
•2. ?69 2.7 .. 21 
0 1 1) ·2. )71 1.44 .. 2. 7"21 
1 I I) 2. )71 1. "44 2. 7"21 
Appendix A. Example for the Application of L:'\ISOFT 63 
PAIR CORR[LATION er ATOM K1 I<ITH PART1CL[S OF TVP[ 
·············································································:·········: 27 ••••••••••••• • • • • • • 
18 
9 
• • • :. = • = • = =· --.=.: ••• : .•••• :.~.---··==·-··=····· 0 ··•••••••••••••••••••0•••••••=·· 5···=····;·~··=····;~;·······;~~···== ~o.5 - 12.0- - 13.5- 15.0 0.0 1.5 l. 4. • 
PAIR CORR[LATION OF ATOM K1 1< I TH PAR Tl CLES or TYPE 2 
····································································································· 15 • • • • • 
10 
. 
• = • ':I • •• •• • ••• 
0 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0.0 1.5 l.O 4.5 6.0 7.5 9.0 10.5 12.0 U.S 15.0 
PAIR CORRELAT10N or ATOll Kl \II TH PARTICLES or TYPE 
15 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• . . . 
10 
. ~ ·~ . ~ =· . .. . ~ ~· .. . -~ . . . 
0 ••••••••••••••••••••••••••111••••••••••••••••••a••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
0.0 1.5 l.O 4.5 6.0 7.5 9.0 10.5 12.0 1l.5 15.0 
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PAIR GORRELATION Of ATOM K1 Wl TH PART ICLES Of TYPE 
15 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• . . . 
10 
s 
=· =· s :1 ::r •.:. :::r =· & • 
0 •••••••••••••••••••a•••••••••••••= ••=••:.••••••••**s*s*****•*•••••••a••••••••s•*•••••••••••••••••••••• 
0.0 1,) 3.0 ~.5 6.0 7.5 9.0 10.5 12.0 13.) 1).0 





• • ••• •• • ... =· • ••• •••• • 0 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
0.0 1.5 J.O ~.5 6.0 7,5 9.0 10.) 12.0 13.5 1),0 
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A.4 iv/ODELJ 
I~PCT 
0 0 0 0 0 1 0 0 0 









1 3 14 
0 
2 
6 7 7 8 9 10 








1 2 3 4 5 
0 
-0.850 -0.70 0. 1970 0.086 0. 106 1. 20 0.40 1. 35 
o. 100 2000. 250.0 -.5000 250. -.30000 700.0 -53.80 
700. -38.6 
OCTPCT 
I.ATTIC[ OYNAIIICAL MOO[L•CALCUI.ATION fOR TH[ fOLLOIIINC STRUCTURE: 
POSITION VECTOR SPACE I.AffiC[ VECTORS 
A 1 • { ),14200, 0.0 , 0.0 I 
A 2. { •2.)7100, 4.45300, 0.0 I 
A ) • { 0,0 0.0 5.62400) 
Al I • { 0.19448, 0. I 1Z25, 0,0 
Al 2 • { 0.0 O.ZZ~51, 0.0 
Al 3 • { 0.0 , 0.0 , 0.11595) 
~[C1PROCAI. SP .. C[ LA!T1Ct V[CTORS 
114 PARTICltS PER UNI T C[ll : 
POSt T ION HASS 
Kl 0.0 o.o o.o I 39.10 
11.2 a.o o.o 4.31200) 19.10 
1.11 0.0 2.96874: 5.58200) 6. 94 
1.12 2. 57100: 1,46437, 1,57000) 6. 94 
SI 0.0 2. 96574, 2.535001 32.06' 
52 2.57100: 1.46437, 6.51&700) 32.06 
01 0.0 2.96570, 3.967001 16.00 
05 2. 57100: 1.46440, 5.27900) 16.00 
02 1. !9090. 2.92570, 2.061\01 16.00 
06 1.:3010, I, ~Z7~0. 6.l73101 16,00 
03 ".46!60, 4.19460, 2.061 10) 16.00 
07 3.22920, 0.25630. 6.l73101 16.00 
01& ~.<.09l0. 1, 78570, 2.06110) 16.00 
05 3.lOJ70, 2. 66 740' 6. 373 10) 16.00 
... ----------·----- ............. -.... -.. -.. -....... -...... -.... -... ---------------- ........ ------------------------------------------------------- .... ---------


































K2 • SI 




K2 - 02 
K2 • 06 
K2 - 03 
K2 - 07 
K2 - 04 
K2 - oa 
Lll • L11 
Lll • L12 
Lll • $1 
Lll • 52 
Lll • 01 
LI! • 05 
Lll • 02 
Lll - 06 
Lll • 03 
LI 1 • 07 
Lll • Oll 
TYP[ 
COULOMB ( H•M) 
COULOMB ( H•M) 
COULOMB (11·M) 
COULOMB ( M·M) 
COULOMB { H·H l 
COULOMB (H•Ml 
COULOMB ( 11•M I 
BORN•MAYER 
COULOMB ( M·M l 
BORH•HIIYER 
COULOMB ( H•H I 
BORH•MAYER 
COULOMB I M•H I 
BORN•HAY[R 
COULOHß ( H·H I 
BORN•HIIY[R 




COULOHB ( H·H I 





















COULOH8 ( H•M I 
COULOH8 (M•M) 






COULOMB ( H•H) 
COULOMB ( M•H I 
BORN•HAYlR 
COULOMB (H•H) 
COULOHO ( H•H I 
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lll - 08 
Ll2 • LIZ 
ll2 • SI 
Ll2 • 52 
ll2 - 01 
ll2 - 05 
Ll2 • 02 
ll2 - 06 
ll2 - 03 
L 12 • 01 
ll2 - 0~ 



















51 - 08 
S2 - 52 
S2 - 01 
52 05 
52 - 02 
S2 - 06 
52 - 03 
S2 - 07 
52 
- o .. 



































COULOMB ( M•M I 
BORH•MAY[R 
COUlOMB ( M•M I 
80RN•MAY[A 
COULOMB (M•M) 





COULOMB ( M•M) 
COULOMB ( M•M) 
COULOMB (H•M) 
COULOMB ( M•M I 
SPR I NCS 
COULOMB ( M·M I 
COULOMB ( M·M I 
SPR I NCS 
COULOMB (M•M) 
COULOH8 ( M•M) 
SPRINCS 
COULOMB ( M·M) 
COULOMB (M•M) 
SPRINCS 
COUlOMB ( M•MI 
COUlOMB (M•MI 
COULOMB ( M·M I 
COUlOMB (II·M I 
SPR I NCS 
COULOMB ( M•MI 
COULOMB ( M•M) 
SPRINCS 
COULOMB ( H•M I 
COULOMB ( H•H ) 
SPRINCS 
COULOM8 IH•M) 
COULOI'18 I H•M l 
SPRI NC$ 
COUlOMB ( H•M I 
COULOM8 ( I'I•M I 
COULOMB ( H•M I 
SPR I NC$ 
COULOMB ( H•M I 
COULOMB (H•HI 
SPRIHCS 
COULOMB ( H•l'l I 
COULOMB ( M·M) 
SPRIHCS 
COULOMB ( H•M I 
COULOMB ( H•M) 
COULOMB (M·MI 
COULOMB ( M•M) 
SPR I HCS 
COULOMB ( I'I·M) 
COULOMB (II•M I 
SPRI NC$ 
COULOMB I M·M I 
COULOMB ( M•M I 
SPRI NCS 

























































TRA~S • 16 
Z2 4 
Z2 
lONC • 17 
Zl 3 












































TRANS • 18 
z:z ' 
z:z ' 
TI!ANS • 18 
Z2 5 
Z2 
TR.O.NS • 18 
Z2 5 

























TRANS • 12 
Z2 5 
Z2 
TRANS : 12 
Z2 5 
Z2 





TRANS • 12 
Z2 5 
Z2 
LONC • 11 TRANS • 12 
Z1 4 Z2 5 
Z1 4 Z2 5 
LONC 11 TRA~S a 12 
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02 • 02 COULOHB (H•H) 
02 • 06 COULOHB (H•H) 
02 • 03 SPRINCS 
COULOMB IH·H) 
02 • 07 COULOfl8 (H•H) 
02 • 04 SPR I NCS 
COULOMB (H•H) 
02 • oa COULOMB (H·HI 
06 • 06 COULOMB (H•H) 
06 • 03 COULOHB (H•H) 
06 • 07 SPRINCS 
COULOH8 (H•HI 
06 • 04 COULOMB (H•H) 
06 • oa SPRINCS 
COULOH8 (H•H) 
Ol • Ol COULOH8 (H•HI 
Ol • 07 COULOH8 ( H•H I 
Ol • 04 SPRIHCS 
COUlOfl8 (H•HI 
Ol • oa COULOfl8 (H•HI 
07 
- 07 COULOfl8 (H•HI 
07 • 04 COULOfl8 (H•H) 
07 
- 08 SPRIHCS 
COULOMB (H•HI 
04 • 04 COULOfl8 (H•H) 
04 
- 08 COUI.OH8 (H•H) 
oa 








































Z1 5 zz 5 
Z1 5 Z2 
1 LONC . 13 TRANS • 14 
.. Z1 5 Z2 ) 
Z1 5 Z2 
1 LONC . 13 TRANS • 14 
.. Z1 5 zz ) 
Z1 Z2 5 
Z1 Z2 
Z1 5 Z2 5 
1 LONC . 13 TRANS • 14 
.. Z1 5 Z2 5 
Z1 Z2 
1 LOHC . 13 TRANS • 14 
.. Z1 .5 Z2 5 
.. Z1 .5 z s 
Z1 s zz 
1 LONC . 13 TRANS • 14 
.. Z1 




.. Z1 5 Z2 
.. Z1 5 Z2 5 
1 LONC . 1l TRANS • 14 




' Z1 5 Z2 
.. Z1 5 zz 5 
.. ------...... ---- .. -.... -.. --------------------------------.. ---------------------.... --------·------------.. ---·--.. --------- .. -.. ----
Appendix A. Example for the Application of U~ISOFT 69 
---------------------------------
---------------------------------------------------------------------------------------
Q • ( 0.0 , 0.0 , 0.00) 1/A •••••••••• QHKL • ( 0.0 , 0.0 , 0.00) ......•... 
--·--------------------·------:·-------------------------------------------------------------· [7~[;~~~~;;;-~;~-;;7~(~~(c~Ö~s raR • RM 1 































































































o. 0 0.0 
o. 0 0.0 
o.o 0.0 
0.000000 0.000000 
-o. oooooo-o. oooooo 
0. 000000 0. 000000 
-o. oooooo-o. oooooo 
























0. 011675 0. 000000 
-o. o 116 75-o. oooooo 
-o. 1 09759·0. oooooo 
0. 109759 0.000000 










-o. Oll20I•O. oooooo 
0.013201 0.000000 














0. 065510•0. 000000 











o. 1ao1se o.oooooo 
-o. 160758-o. oooooo 
-o. 066 1 02 o. oooooo 
0.066102 0.000000 










-o. 000001-o. oooooo 
0 • 00000 I 0 • 000000 
0 • 00000 1 0 . 000000 
-o. ooooo 1-o. oooooo 
0. 000000•0. 000000 























0. 119999 0. 000000 
-o. 119999-o. oooooo 
-o.0-9888 o.oooooo 












-o. 014717•0. oooooo 
-o. 018791•0. oooooo 
0.018791 0.000000 
0.00-0711 o.oooooo 









0. 0051181 0. 000000 
-o. 005ll8 1-o. oooooo 
-o. 12llli29·0. oooooo 
0.1211 .. 29 o.oooooo 
0.1189 .. 8 0.000000 









-o. oo•o938·0. oooooo 
O.OOll938 0.000000 
0. 159010 0.000000 
-o. 159010-o.ooonoo. 
-o. 15li072·o.oooooo 















0. 166906 o. 000000 
0. 166906 0. 000000 
-o. 09817o-o. oooooo 















-o. 20833o-o. ooooo1 
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·0. 2622~4-0. 000002 
-o. 262244 -o. ooooo 1 
·0. 110~99 0. 000003 
·0.110500 0.000004 




-o. 167799 o. oooooo 
-0.167800 0.000001 
-o. 161799 o.ooooo3 








-o. oz9o7o-o. oo2151 
0.192528 0,191899 
0.192529 0.191899 
-o. 0977l6·0. o66 729 
-o. 097736-o. 066 728 
-0.101213•0.064860 
•0.101213·0.064860 
-o. 097857-o. o62783 
-0.097857•0.062783 
-o. 412623·0. oooooz 
-o. 412624-0. ooooo2 
0.034138 0.002072 
o. 034138 o. 002072 
0.142177•0.000886 



















0. 046614·0. 00 1199 
0.046614•0.001799 
0.040705 0,002096 
0. 040 705 0. 002096 






















·0. 012311 ·0. 000000 
0.012311 0.000000 
0.298301 0.000001 
·0. 298301·0. 000001 




0. 000001•0. 26224~ 
o. 000001·0. 262243 
·0. 000004·0. 110~99 
·0.000004•0. 110499 
-o. ooooo~-o. 237505 










-o. oooooo o. 100978 
-o. oo8534•0.018594 
-0.008534•0.018594 
o. 002151•0. 029070 
0.002151•0.029070 
-o. 191899 o. 192529 
-0.191898 0.192529 
0.062853•0. 100134 
o. 062853•0. 100135 


















•0. 000000 0. 026 723 
-o. oooooo o. 026723 













o. oooooo-o. 002880 












0. 00056~ 0. 000000 
o. 000564 0. 000000 
-o. oo2936·o. oooooo 
•0. 002936•0. 000000 
0.010216 0.000000 
0.010216 0.000000 
o. 3~0877 0.000001 
0.340877 0.000001 
-o. 118095-o.oooooo 
•0. 118095•0. 000000 












-o. oooo37-o. ooooo4 




























































o. 192783 0.070172 
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0. 000617 0. 000000 
-o. oo23 33-o. ooo126 
-o. oozJJ3-o. ooo726 
-o. 2oo515 o. 118925 
-0.200576 0.118926 






























































































-o. 01 8589·0. ooa543 
-o. 01 8589-o. 008543 



















o. 085205 o. 0156 79 
0.088527 0.014947 
0.088527 0.014947 





































-o. oooooo o. ooo611 
·0.000000 0.000617 
0. 000 726·0. 002 3 3 3 
0. 000726·0. 0023 33 
-o. 118926-o. 20o5 76 
·0.118926·0.200~75 
-o. 03058 1-o. 055802 
-o. 030581-o. o55802 
-o. 043017·o.o463119 
-o. 043017-o. 0463119 
























0. 002129 0.029066 
-o. 191891•0.192554 
-o. 191&91·0.192554 
o. 062829 o. 100139 



















o. 0 ·0. 026723 
o.o ·0.026723 








-o. 005507·o. 042953 




o.o o. 002880 
o. 007047·0.001237 
o. 007047·0.001237 
o. 0102 37-o. Ol41o95 
0. 070237·0. 031o"95 





































































































































EI GEHVA~UES AND 
Oo 165780 Oo 113287 
Oo055922 Oo071291 
Oo055923 Oo071291 
-oo 25 79oe-o 0 035003 
-oo 25 7908-o 0 035003 
•Oo008939-0o253641 





















-oo 055809-o o 030511 
•Oo055809-0o030571 
Oo273245 Oo175261 
Oo 273245 Oo 175262 




EIGENVECTORS fOR IRM 
(2•f0LD OEGENERATE) 


















































































•0 0 007507•0o091820 
Oo001509 Oo094554 






























Oo 11 3287-0o 165780 
•Oo216193 Oo 196539 











-o 0 087931-oo 256109 
-oo 087931-oo 256109 
-oo oo3635-oo 153574 
•Oo003685-0o158574 
Oo0791 17-0oOI 3872 
Oo079117•0o013372 
•Oo087600-0o014515 





-o o 118888 o 0 zoo599 





-oo o 17698-0o 28 7858 
•Oo 017697-0 0 28 7858 
Oo259086-0o098831 
Oo 259086-0o 098831 
3 
•OoOOOOOO Oo161t003 






•0 0 054381-0 0 025082 
-oo 189385•0o068384 
Oo 189386 Oo068384 
•Oo188212•0o068150 
Oo188212 Oo068150 





















Oo 245279-0o 084464 
•Oo245280 Oo084464 
-oo 003492•0o o35933 
Oo003492 Oo035933 
-oo oo2234-0o 036243 


































-o 0 1 06288-o 0 on 312 
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-o. 004454-o. oooooo 
0.003655 0.015961 
-o. 003655-o. o 1&961 








0. , 02150-0. , 25425 
-o. 10215o o. 125425 
0. 001921 0.000000 
-o. oo 1921-o. oooooo 
-o. ooo351 0.002747 
0. 000351-0.002747 
0. 172469-0. 157569 
-o. 172469 0.157569 




-o. 125262-o. 102520 
0.125261 0.102520 



















-o. 01221a-o. 030996 
0.048288-0.178545 









0.338550 o. 000001 
-o. 338550-o. ooooo1 
-o. 044613-o. o 11535 
0.044613 0.017535 
o. 07271&-0. 056597 
-0.072718 o. 086597 
0.0544&2-0.245257 
-o. 0&4482 o. 24 5251 
0.035520 0.002060 
-o. 03552o-o. oo2o6o 
0.035210 0.003319 








-o. 036493-o. 0087o5 








0. 000000-0. 009, 37 
-o.oooooo o.oo9137 
0.005221 0.021516 
-o. oo5221-o. 02 1&16 
-o. o333o2-o. 021773 
0.033302 0.021773 








o. oooooo-o. oo44 511 
-0.000000 0.004454 












o. oooooo-o. oo 1n 1 
-0.000000 0.001921 
0.002747 0.000351 
-o. oo2747-o. ooo351 









-o. 017983-o. 276775 


















o. 118545 0.045288 
-o. 178545-o. 0482&8 
0.220869 0.108144 
-0.220869-0.105144 
0. 091103-0. 000046 
-0.091103 0.000046 
0.088368 0.005952 
-o. oaa368-o. oo5952 
0.094930 0.005321 
-o. 09493o·o. oo5l21 
-0.000001 0.338550 
0.000001-0.338550 

















o. oo87o5-o. 036493 
0.010564 0.021423 
-o. o 1 0564-o. 021423 
-o. oo6052 o. 0411 55 0. 006052-0. 04 1 , 55 
-0.01]727 0.040531 
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0. 009137 0. 000000 
-o. 0091l7·o. oooooo 
·0.021513·0.005222 
0.021513 0.005222 
0. 021777 0.033304 










·0. 004454·0. 000000 
0.003656•0.018961 



































•0. 289759-0. 000002 











•0. 002322•0. 000000 

















o. 160778 0.000002 
o. 160778 0.000001 
•0. 000000 0. 009137 
0.000000·0. 009137 
0. 005222•0. 021813 
·0.005222 0.021813 
·0.03]304 0.021777 
0. 0333011·0. 021777 
·0. 085933 0. 208682 










·0. 018961·0. 003656 
o. 3l2986·0. 01368 7 
·0.332986 0.013687 
·0.249599 0.031559 
0. 249599·0. 031559 
•0. 187778 0.003757 
0.157778·0.003757 
·0. 009052 o. 097334 












0. OJ 1559•0. OS~55J 
0.250413·0. 068052 
-o. 280413 o. 065052 







































0. 159026 0. 000003 
0. 189026 0. 000002 
•0.089449-0.000001 
-o. 089449·0. ooooo1 
-o. 099576·0. ooooo1 





































o. 102750 0.087706 
0.102750 0.087706 




-o. 262818·0. ooooo3 
0.262818 0.000003 















-o. 015846-o. oooooo 
·0. 388625•0.000005 
0.388628 0.000004 
•0. 252514•0. 000003 
0.252514 0.000002 









•0. 04 3 799·0. 000000 
0.039650 0.000001 








-o. 02249o-o. oooooo 
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O.Jl8975 o. 000005 
0.338975 0.000003 













-o. 02~06~ -o . oooooo 
0.025785 0.000000 
0.025785 0.000000 













































-o. 0681 1o-o. ooooo 1 
-o. 69~225·0. ooooo9 
0.69~225 0.000007 
-0.0~8~23·0.000001 
0. 0~8~23 o. 000000 














0. 10~057 0.000001 





-o. 275697-o. ooooo3 
0. 275697 0. 000002 
0.010019 0.000000 
-o. o 1 oo 19-o. oooooo 
-o. 008766·0. oooooo 









-o. 01 ~ 196-o. oooooo 
0.014196 0.000000 










-o. 1 19399•0. ooooo1 
0,119399 0.000002 
•0.119399•0.000001 
o. 119199 0.000001 
·--------------------------------------------------------------------------------------------------------------------------
-------------------------------------------------------------------------------------------------------------------------·· ........• Q • ( 0.0 , 0.0 , 0.07) 1/A •••••••••• QHKL • ' 0.0 I o.o, 0.101 •••••••••• 
cic(;;~~ü(i-~ö-cicc~vccrö;;·;ö;-i;~--i-----------------------------------------------------------------------------------· 














































-4 2 -3 5 -6 0 
3 
OUTPCT 
The heading is the same as for MODELl. 
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IUQ-II(JtCY fiM/1 
10.0 o.o 
0 ... ~·~! ••••••• !:! ••••••• !:! ••••••• !:: .•....• !:! ....... ::!·-···o·::! ••••••• !:! ....... !:: ....... !:! ....... T 
I ... ... o. 111 
I ... ... 0.101 : 
... 
' 
I ... ... o. 101 
I ... 0.0 o.wu 
1 o.o o.o o,".,, ~···••••••:•••••••••:•••••••••:••••o••••:•••••••••:••••o-•••:·••••••••:••••••••o:•••••••••:•••••••••: 
I o.o 0.0 0 . .01 
' 
o.o ... O.JOI 
0 
I o.o ... <1.101 
I 0.0 ... 0.101 
I 0.1 o.o 1.001 ~-········=·········=·········=·········=·········=·········:·········:····••o•·:·········:·········: 
' 
... ... 0.111 • 
' 
... ... 0.101 
... 
' 
I ... ... 0. JAI 
' 
0.0 ... 0.1101 
I 0.0 0.0 o. ,., :•••••••••:•••••••-o:•••••••••:•o•••••••:•••••••••:•••oe••••:•••••••••:•••••••••:•••••••••:••••••••·~ 
' 
... ... .. -.. : 
' 
... ... o,JOI : 
... J 
' 
... ... o.IOI : 
I ... ... 
····· : 
. . . . . . . . . . 
I 0.1 1.0 
..... :·········:·········:-········:····· ... ·:·······-o:·········:·········:·········:·········:·········: 
' 
... ... 0,111 
f ••• ... 0.101 : 
... • 
I ... ... I.JOJ : 
' 
... ... 0 ..... 
. . . . . 
1 o.o t.o 0.)01 ••••••••••o•••••••••••••••••o••••••••••••••••••••o••••••••••••••••••••••••••••••••••••••••••••••••••• 
• • • • • • • • 0 • 
I ... ... 1 .... : 
I ... ... O.JOJ . 
. 
... • 
I ... ... O.Ztl 
' 
... ... 0,101 
. . . . . . . 
I 0.1 o.o 0.001 ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
0.0 •.• •.• 1... 1.1 "·' .... \... .... '·' 1.0 
'II(Qu( .... t IMII 
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A.6 SF 
I:\PlJT 
0 3 0 l 0 3 
5.0 
0.35 -o. 18 0.31 0. 577 0. 577 
1 0.0174 0.000 0.000 0.0174 0.000 0.0174 
3 0.0201 0.000 0.000 0.0201 o.ooo 0.0201 
5 0.0084 0.000 0.000 0.0084 0.000 0.0084 
7 0.0218 0.000 0.000 0.0218 
9 0.001420 0.001010 
0.000 0.0218 
0.000970 0.002050 -0.00220 0.005070 
298. 
10000. 
1 0 0 0 0 0 0 0 0 0 
OCTPUT 
I.ATTIC( OYNAHICA~ MOO(I.•CAI.CUV.TION fOR TH[ fOLLOWINC: STRUCTUR[: 
............. --.... ---- ...... ----·--....... -.... -- ....... --... ------........ ---------------------·--------------.. --------.. --- .. -........................ ---.. --- ...... .. 
POSITION VCCTOR SPAC( I.ATTIC( V(CTORS 
A 1 • 1 s. '"zoo. n.o . o.o 1 
A 2 • I ·2.57100, "·"5300, o.o 1 
.. 3 • 1 o.o o.o 8.62ioOOJ 
Al 1 • I o. 19"44, o. 11224, o. o 
Al 2 • I o.o , 0.22"57, o.o I 
Al l • I o.o , o.o , 0.115951 
RCCI PROCAL SPACC V.TTICC VCCTORS 
14 PARTICI.CS PCR UNIT C(~L 
POSITIOII NASS SCA TT. l(IICTH TCIISOR Of T(HPJACTORS 
~· o.o 0.0 o.o 39.10 0.35 
0.01740 o.o o.o 
o.o 0.017110 o.o 
o.o o.o o.on~oo 
Q o.o o.o . ... 312001 39.10 0.35 O.OI7io0 0.0 
o.o 
o.o 0.017110 o.o 
o.o o.o 0.01740 
1.11 o.o 2.968711, s.a8200J 6.911 •0.18 
0.02010 o.o o.o 
o.o 0.02010 o.o 
o.o o.o 0.02010 
1.12 2. 57100,- 1.44"37. 1.570001 6.9 .. •0.18 
0.02010 o.o o.o 
o.o 0.02010 o.o 
o.o o.o 0.02010 
SI o.o 2.96474, 2 • .53.5001 32.06 0.31 
0.00440 o.o o.o 
o.o 0.004110 o.o 
o.o o.o 0.00840 
52 2 • .57100, I .44437, 6.447001 32.06 0.31 
0.00440 •0.00000 o.o 
o.ooooo 0.00840 o.o 
o.o o.o 0.00840 
01 o.o 2. 96870, 3.967001 16.00 o.S4 
o.o21ao o.o o.o 
o.o 0.02180 o.o 
o.o o.o o. 02180 
OS 2.57100, I. 48440, 8.279001 16.00 
0 • .58 0.02180 o.o o.o 
o.o 0.02180 o.o 
o.o o.o o. 02180 
02 1. 39090, 2.92570, 2.061101 16.00 
0 • .58 0.001io2 0.00101 0.0009T 0.00101 0.00205 •0.00220 
0.00097 -().00220 o.oosor 
06 I. 14010, 1.527110, 6.373101 16.00 
0.54 0.0011t2 0.00101 ·0.00097 0.00101 0.0020.5 0.00220 
•0.00097 0.00220 0.00.507 
Ol 11 ... 8380, ... 19 .. 40. 2.061101 16.00 o.sa 
0.00102 -o.ooora •0.00239 
•0.00078 o.oo2•5 0,00026 
•0.00239 0.00026 0.00507 
07 3.22920, 0.25830, 6.37310) 16.00 o.sa 
0.00102 •0.00078 o. 00239 
•0.00078 o.oo2•s •0.00026 
0.00239 ·0.00026 0,00507 
Oll ..... 0930, 1,78570. 2,06110) 16.00 0.58 
o.oozn •0.00023 0,001"2 
•0.00023 o. 00070 0.0019 .. 
0.001"2 0.0019" o. 00507 
08 3. ]0370. Z.667~0. 6.J7J10) 16.00 
o.5e 0.00277 •0.00023 •0.001~2 
·0. 0002J 0.00070 ·0.0019" 
•0.00142 ·0.0019~ 0,00~07 
·----------------------------------------------------·--------------------------------------------------------------------·--· 
HOOCL SPCC1rJCAriONS 
I NTERACT 1 Oll TYP( N(ICJ<8011 PARAIICTCR•HO.S 
K1 • Kl COULOH8 !I••M) l1 
l2 
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---------------------~~,---::::::::::·-----------------------------· --------------------------------ö-~~~-~i~---::::::::::·--~~~~ . ( o.o ' 0.0 ' 0. 
••••••••• Q c ( 0.0 . 0.0 •• 
----------------------------
----------------------------------------------------------------------------------------------------· 
~ g:g ~:~; Ui u~ lU1 H: :~ ~u: 
2 o.o 2.07 4 · 23 :·;: 16.37 17.21 34.20 
3 1.62 z.;~ ~·~: 8 :s4 16.37 g:~~ ~~:~~ ~ ~:g~ t61 6:18 8.94 18,11 ---------------· 
--- ... ----- ... ---- .. ------- ... ---- ... ----------- ..... -...... -- .. ----- ... -... -- ... -- ... ---- .. --------------...... -------- .... -.. --- .. -- .. ---.. ------
0 0 0. 0. 0. 0. il. o. o. 
o. u. Q. 0. 0. 0. 0. 
0. 0. 0. 0. 0. 0. 0. 
0. 
"· 
o. o. 0. 0. o. 
0. c. 0. 0. 0. o. o. 
113. 415. 30. 14, 228. 107. 87. 
0 0 2 339. 23. 307. 387. 1403. 656. 795. 
0. 0. c. o. o. 0. o. 
0. 0. 0. 0. 0. 0. 0. 
0. 0. o. 0. o. o. 0. 
0. 0. 0. 0. 1), 0. 0. 
0. o. 0. 0. 0. 0. 0. 
0 0 0. o. 0. 0. o. 0. 0. 
0. 0. 0. o. 0. 0. 0. 
0. 0. 0. 0. 0. 0. o. 
0. o. 0. 0. 0. 0. 0. 
0. 0. 0. 0. o. o. o. 
442. 1893. 182. 362. 2639. 1714. ! 337. 
0 0 0. 231. 25. 0. 20. 33. 114. 
9. 1. 1&14. 43. 124. 88. l71L 
9. 1. lllll. 43. 124. 88. 1/ll. 
47. 176. 116. 36. 34. 136. 130. 
47. 176. 116. 36. 34. 136. 130. 
51. 14. 1?. 2. 76. 125. t.&1•6. 
0 71. 15. 41. 14, 37. 7. 729. 
134. 2. 55. 50. 528. 65. 30. 
134. 19. so. 51. 51. 276. 283. 
10. l. 1JS. 20. 469. 2. 61, 
33. 41. 75. 45. 1, 194. 306. 
94. 75. 157. 10. 8. o. 202. 
0 2 10. 269. 101. 15. 18. 167. 241, 
3J. J92. 75. 21. 17. 110, 38J. 
33. 75. 31. 22. 782. 47. 3J. 362. 64. 204. 17, 221. 121. 380. 172. 19. 47. 129. 976. 62. 21. 128. 12. 11. 147. 42. 509. 817. 
0 124. 137. so. 166. 1 J 1, 1908. 219. 26. 1203. 129. 58. 800. 79. 46. 26. 1584. 75. 40. ao. 48. 500. 258. 119. 250. 2. 7U. 117. J9. 522. 199. 219. 28. 36. 89. 476. 450. 85. 66. 52. 52. 621. 73. 
0 2 0 0. 2985. 289. 3. 4. 9. 26. 82. 200. 234. 67. 14. 93. 797. 82. 200. 234. 67. 14. 93. 797. 56. 263. 356. 250. 27. 431. 1988. 56. 263. 356. 250. 28. 431. 1988. 569. lll. 195. 5. 21. J5. 118. 
0 2 18. 851. 51. 45. 109. 190. 35. 135. 405. 152. 264, 499. 120. 1845. 115. 5?6. 121. 325. 381. 310, 1556. 11, 208. 295. 54. 161, 42. 924. 485. 244. 115. JJ. 216. 113. 495. 2410. 416. 470. 35. 41, 52. 9. 
0 2 2 42. 2891. 543. 16. 11l. 149. 14. 79. 3U. 345. Ja. 929. 154. 201. 19. 529. 588. 38. 42. 11. 1031. 90. 191. 117. Ja 1. 1605. 182. 954. 40. 498. 530. 260. 599. 31. 1612. 427. 419. 220. 146, 181. 460. 92. 
0 2 169. 67l. 222. 296. 244, 726. 609. 141, 366. 1 J9. 249. 207. 859. 1850. 141, 210. 79. 249, 1895. 524. 736. 62. 195. 1044. 150. 164, J41. 1379. 686. 21. 627. 123. 1515. J09. 19. 1429. 537. 1603. 129. 170. 267. 160. 
0 3 0 0. 161. 30. 5. 721. 1201. 4171. 4527. l6. 488. 1709. 197. 1071. 26. 4527. 36. 488. 1709. 197. 1013. 26. 5. o. o. o. 1226. 516. 1409. s. o. o. 0. 1226. 516. 1409. 574, 129. 192. 2. 4. 6. 24. 
0 o. 814, 19. 1, 4, 1. 23. 4. 21. z. o. 1418, 324. 1177. 4. 8. 2. o. 1369. 385. 1431. 1591. 3~9J. 4J4. 1068. 906, 490. 99. 2387. 1055. 1884, 1217. 1201, 423. 13. 199. 149. 110, 17. 931. 1801. JS09. 
0 86. 118, 252. 200. 1506. 185J. J?61. J6l. 3625. "40. 696. 26?3. 610, 1?1. l6J. J410, 1]"0. 684. 2407, 228. 127. 9. 11, 25. 2. 126J. 520. 1464. 51. 1. 19. 2. 1229. 516, 1 J47, 566. 130. 190. 2. 5. 6. 2'L 
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10.0 



















The heading is the same as for .\'IODELJ. 
HESSACE FOR Q • ( 0.0 , 0.0 , 0.0 l 1/A : 
••• PAßTIAL•OERIVATIVE Of fREQUEHCV HO. 
••• PAßTIAL•OCRIVATIV( Of FRCQUEHCV HO. 
000 PARTIAL•OCRIVATIVE Of FRCQUEHCV HO. 
••• PARTIAL•OERIVATIVE OF FREQUENCY NO. 
WITH RESPCCT TO PAIIAHETCR NO. 3 IS O(ßiVATIVE Of HY0 *2 
WITH R(SP[CT TQ PARAHEHR HO, 11 15 DERIVATIVE Of NY"*2 
Wl TH RESPECT TQ PARAMETER NO. 12 I S DERIVATIVE Of KY0 "2 




.......... Q • ( 0.0 • 0.0 , 0.00) 1/A •••••••••• QHKL • ( 0.0 , 0.0 , 0.00) •••••••••• 
---------------------------------------------------------------------------------------------------------------------------------
THE fREQUENCV•SHifTS ARE CALCULATED WITH RESPECT TO TIIE fOLLO\IINC PAIIAHETER•VARIATIOHS: 
0,0100 0.0100 0.0100 0.0100 0.0100 0.0010 0.0010 0.0010 0,001050.0000 5.0000 1.0000 5.0000 1.000010.0000 
PARTIAL DERIVATIVES 
1.000010.0000 1.0000 
IN THZ/DP FOR IRH I 
NY • o.o THZ o.ooe 0.006 •0.000 0.007 0.004 0.006 0.004 0.0 06 0.003 0.006 -o.ooo -o.ooo 0.006 0.006 0.007 
0.006 0.003 ·0.000 
NY • -.,9 THZ ·0. 006 •0. 017 0.041 0.004 •0.065 0.022 0.049 0.0 04 0.066 0.0411 o.ooo 0.094 0.000 o.zu 0.000 
o.ooo 0.000 0.094 
NY • 6.17 THZ -o.oot •0.021 •0.007 -0.01- ·0.021 0.057 0.026 0.0 11 0.072 0.072 0.000 0.007 o.ooo 0.020 0.001 
·o.ooo 0.000 0.0011 
HY• 9.79 THZ ·0.007 o.ooo •0.012 0.0.19 •0.061 0.004 o. 176 0.1 116 ·0.007 0.111 0.000 o.ooo 0.001 0.000 o.oo .. 
·0.000 0.001 0.002 
NY • 111.04 THZ o.ooo 0.009 0.032 0.006 •0.077 0.009 ·0.004 -o.o oo 0.005 0.006 0.0'"' 0.019 0.047 ·0.000 o.o1a 
·0.000 o.oos 0.056 
o. 16& NY • 33.79 THZ o.ooz •0. 004 ·0.024 0.032 0.006 •0.001 0.017 o.o 15 o.ooz 0.009 0.047 0.018 0.041 o.ooo 
o.ooo 0.050 o.ooz 
HY • 39.57 THZ 0.001 •0.002 •O.Oil ·0.000 o.ooo 0.001 0.010 o.o 04 0.007 0.007 0.117 o.ooo o. 123 0.000 0.027 
0.000 0.093 o.ooo 
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,ARTIAl DERIVATIVES IN THZ/OP rOR IRM 2 
(2•rOLD DEC(N(RAT() 
NY • 0.0 THZ 0.006 0.007 0.009 0.007 0.010 0.007 0.007 0.0 07 0.007 0.006 0.007 0.007 0.007 0.007 0.007 
NY • 2.07 THZ 
NY • ~.23 THZ 
NY • &. 60 THZ 
NY • 16.~1 THZ 
NY • 17. 1~ THZ 
NY • 1~.21 TIIZ 
NY • 0.0 T11Z 
NY • 2.07 THZ 
NY • 8.60 THZ 
NY • 16. ~1 THZ 
NY • 17.1~ THZ 
NY • 1~.21 TIIZ 
.g:gg~ g:g~: g:~~g •0.009 0.069 0.093 •0.026 o.o 16 0.050 0.076 0.000 0.528 0.000 0.338 o.ooo 
0.076 0.000 0.141 
-o.oo9 o.oo8 0.011 o.018 0.011 o.o82 -o.oo1 0.0 49 0.012 0.082 o.ooo 0.016 0.000 0.009 0.000 
0.001 o.ooo 
0. 006 ·0. 002 g:gg: •0.012 0.038 0.000 0.195 ·0.0 26 0.221 0.109 0.000 0.000 0.000 0.000 o.ooo 
.g:gg~ g:ggg g:g~~ .0 •00 , • 0 .on o.o1o o.oo8 o.o 02 o.ol6 o.o15 o.o••6 o.042 o.o95 o.o41 o.ooo 
.g:g~ g:~~~ g:g~: ·0.028 -0.022 o.oo8 o.oo3 o.o 01 o.oo7 o.oo9 o.o11 0.001 o.o21 o.o14 o.ooo 
g:g~~ .g:g~~ .g:g~~ ·0.003 0.039 0.002 0.006 o.o 00 0.008 0.006 0.048 0.005 0.047 0.014 o.ooo 
g:gg~ g:~~~ g:gg~ 0.007 0.010 0.007 0.007 0.0 07 0.007 0.006 0.007 0.007 0.007 0.007 0.007 
.g:gg~ g:g~: g:?~g •0.009 0.069 0.093 •0.026 0.0 16 0.050 0.076 0.000 0.528 0.000 0.338 0.000 
.g:g~; g:gg~ g:ci~: 0.018 0.011 0.082 ·0.001 0.0 49 0.032 0.082 ·0.000 0.016 0.000 0.009 0.000 
g:gg~ .g:gg~ g:gg: ·0.012 0.038 o.ooo 0.195 ·0.0 26 0.221 0.109 0.000 0.000 0.000 o.ooo 0.000 
.g:gg~ g:ggg g:g~~ •0.001 •0.022 0.010 0.008 0.0 02 0.016 0.015 0.046 0.042 0.095 0.041 o.ooo 
.3:g3~ g:gg~ g:g~: •0.028 ·0.022 0.008 0.003 0.0 Ol 0.007 0.009 0.071 0.007 0.021 0.014 0.000 
g:g~~ .g:g~~ .g:g~~ -o.oo1 o.o19 o.oo2 o.oo6 o.o oo o.ooa o.oo6 0.048 o.oo5 o.047 o.o14 o.ooo 
0.001 0.214 0.001 
PARTIAL OERIVATIVES IN THZ/OP rOR IRM l 
(2•rOlD O(C(H(RAT() 
NY • 1.62 THZ 
NY • 2.91 THZ 
NY • 1.88 TIIZ 
NY • 8.54 THZ 
NY • 16.37 THZ 
NY • 17.21 THZ 
NY • 34.20 THZ 
NY • 1.62 THl 
NY • 2. 91 THl 
NY • ].88 THl 
NY • 8.54 THZ 
NY • 16.37 THZ 
NY • 17.21 THZ 
NY • 34.20 THZ 
0.009 0.030 0.079 •0.003 0.031 0.028 •0.008 0.0 I] 0.006 0.025 0.000 0.304 0.000 0.197 0.000 
.g:g~~ g:g~~ g:g~~ -o.ooo o.oo8 o.041 -o.oo6 o.o 14 0.021 o.Ol8 o.ooo o.o68 o.ooo 0.042 o.ooo 
0.009 0.000 0.018 
-0.011 o.ou1 0.011 o.oo~ o.o2o o.o92 -o.ooe o.o 39 o.o44 o.oa4 o.ooo 0.115 o.ooo 0.012 o.ooo 
0.017 0.000 ·0.030 
0.006 -0.004 0.007 •0.010 0.037 0.001 0.196 •0.0 22 0.219 0.111 0.001 0.001 0.000 0.003 0.000 
0.000 o.ooo 0.001 
-o.oo1 o.oo1 o.o1~ -o.oo1 -o.o1~ o.o12 o.oo9 o.o 02 o.o18 o.016 o.o59 o.o44 o.oa4 o.o42 o.ooo 
0. 00~ o. 000 o. 025 
•0.001 0.002 0.029 •0.027 ·0.025 0.007 0.002 0.0 Ol 0.007 0.008 0.059 0.006 0.034 0.013 0.000 
0.026 0.0]4 0.034 
0.000 ·0.001 •0.022 -0.001 0.039 0.002 0.006 o.o 00 0.008 0.006 0.047 0.005 0.047 0.014 0.000 
0.001 0.214 0.001 
o.oo9 o.o3o o.o79 -o.oo3 o.031 o.o28 -o.oo8 o.o u o.oo6 0.025 o.ooo o.3o4 o.ooo 0.197 o.ooo 
0.043 o.ooo 0.083 
-0.0011 o.018 o.o2o -o.ooo o.oo8 o.o111 -o.oo6 o.o 111 o.o21 o.oa o.ooo o.068 o.ooo o.o42 o.ooo 
0.009 o.ooo 0.018 
-o.ou o.ott o.031 o.oos o.ozo o.o92 -o.oo8 o.o 39 o.o44 o.084 o.ooo o.118 o.ooo o.o12 o.ooo 
0.017 o.ooo 0.010 
o.006 -o.oo~ o.oo1 -o.o1o o.o11 o.oo1 o.J96 ·o.o 22 0.219 0.111 o.oo1 o.oo1 o.ooo o.oo3 o.ooo 
0. 000 o.ooo 0.001 
-o.oo1 o.oo1 o.o15 -o.oo1 -0.015 o.o12 o.oo9 o.o 02 0.015 o.016 o.059 o.044 o.084 o.o42 o.ooo 
0. 005 o. 000 o. 025 
·o.oo1 o.oo2 o.o29 -0.021 -o.o25 o.oo1 o.oo2 o.o 01 o.oo7 o.oo8 o.o59 o.oo6 o.ol4 o.o13 o.ooo 
0.026 0.014 0.034 
o.ooo •o.oo1 -0.022 -o.oo1 0.019 o.oo2 o.oo6 o.o oo o.oo8 o.oo6 o.o~1 o.oo5 o.o47 o.014 o.ooo 
0.001 0.214 0.001 
'ARTIAl O(RIVATIV(S IN THZ/Dr fOR IRM 4 
NY • 4.07 THl 
NY • 4.61 THl 
NY • 6. 18 THZ 
NY • 8. 94 THZ 
NY • 18.11 TH:Z: 
NY • ll. 79 THl 
NY • 19.51 THZ 
o.oo5 •o.oot o.028 -o.oo1 •0.068 -o.oo3 o.o11 -o.o 03 o.o16 o.oo9 o.ooo o.074 o.ooo 0.222 o.oo1 
•0.000 o.ooo 0.075 
0.003 •0.010 0.004 •0.001 •0.024 0.015 0.047 o.o 26 0.036 0.042 o.ooo 0.015 0.000 0.045 0.001 
0.000 o.ooo 0.016 
-o.oo1 ·o.o13 o.oo1 -0.011 -o.oo7 o.o76 0.015 -o.o 01 o.o95 o.oa2 o.ooo o.016 -o.ooo o.o49 o.ooo 
•0.000 ·0.000 0.016 
•0.010 ·0.01] ·0.010 0.020 •0.062 0.001 0.185 0.1 91 ·0.008 0.11] 0.004 0.001 0.001 0.000 0._000 
·0.000 o.ooo 0.001 
-o.ooo 0.010 0.031 o.oo6 ·0.079 o.oo6 o.oo2 o.o o6 o.ooi o.oo1 o.o4o o.018 o.o46 o.ooo o.o22 
0.000 0.005 0.056 
0.002 ·0.004 •0.024 0.0]2 0.004 -0.001 0.016 o.o 14 0.001 0.009 0.050 0.019 0.040 0.000 0.169 
0.000 0.048 0.002 
o.ool ·o.oo2 ·o.o11 o.ooo o.oo1 o.oo1 0.011 o.o 05 o.oo1 o.oo1 0.115 o.ooo o.124 o.ooo o.o25 
0.000 0.095 0.000 
--------------------------------------------------------------------------------------------------------------------------------· 












1 3 14 
0 
2 
6 7 7 8 9 10 
1 8 1 
1 9 1 
1 10 1 
3 7 1 




1 2 3 4 5 0 
1. 20 0.400 1. 35 -0.850 -0.700 . 197 0.08600 . 1060 
. 100 2000. 125.0 -.5000 125.0 -.300 870.00 
-53.8 870. 
-38.6 
1. 10 0.500 1. 35 -0.850 -o. 100 . 197 0.08600 . 1060 
. 100 2000 . 125.0 0.0000 125.0 0.000 870.00 
-53.8 870. -38.6 
OCTPUT 
HEW PARAHETERVECTOR : 
1,100 o. 500 1,150 •0, 850 •0.700 0.197 0.086 
0.106 0.100 2000.000 125.000 0.0 125.000 o.o 
870.000 ·51.800 870.000 -18.600 
ATOM AlO s or FORCE IN 10 .. •10 H 
ROTATIOIC 
K1 1 o.ooo 0.886 0.002) 
2 -o. 855 •0.000 0.001) 
l -o.ooa •0.001 •0.000) 
K2 I -o.ooo 0.886 •0.002) 
z -o. s5a •0.000 •0.000) 
3 0.006 0.000 0.000) 
LI I I 0.002 I.Oql 0.001, 
z -1. oql -o. 002 ·0.001) 
3 0.001 0.005 •0.000) 
Ll2 I ·0.001 1 .oq2 •0.002) 
2 -1. oqo 0.001 0.002) 
3 -o. ooz -o.ooq •0.000) 
SI 0.001 ·0. 661 0.006) 
0.661 ·0.002 0.009) 
0.007 -o.oq5 0.001, 
52 I -o. 005 ·0.660 -o.ooql 
2 0.664 0.001 ·0.012) 
3 -o.ooa o.oq1 0.001) 
01 ·0. OOJ ·0.389 0.002) 
o. 390 0.001 0.011) 
•0.007 ·0.005 0.002) 
05 0.001 ·0. 389 ·0.002) 
0.390 •0.003 ·0.013) 
0.005 0.005 0.002) 
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02 1 -0.001 -o. 286 -2.838) 
2 0. lflft -o.ooo o. 709 J 
l 2. 848 -0.676 0.001 J 
06 1 •0.001 •0.292 2. 841) 
2 0.)14 0.000 -o. 1101 
l -2. 848 0.676 0.001 J 
Ol 0.004 -0.299 o. 787 J 
0.287 0.008 -2.824) 
-o. 795 2.822 •0.012) 
07 1 0.007 -0.291 -0.790) 
2 0.281 0.006 2.826 J 
l 0. 791 •2.820 -0.013) 
04 -o. oo4 -0.291 2.048) 
0.278 •0.004 2.089) 
-2.049 -2.091 0.008) 
08 1 o.ooo -o. 294 -2.049) 
2 0. 285 -o. oo8 •2.0871 
l 2.0~1 2.092 0.008) 
N(W PAAA14(TERVECTOR : 
1.200 0.400 1.150 -o. 850 -o. 100 0.197 0.086 
0.106 o. 100 2000.000 125.000 -0.500 125.000 -0.300 
&70.000 •53. 800 870.000 •)8.600 




K1 o.ooo -o. 012 0.002) 
0.069 -o.ooo 0.001) 
-0.007 -0.001 -0.000) 
K2 
-o.ooo -o. 012 -0.002) 
0.069 -o.ooo 0.000) 
().006 0.001 0.000) 
lll 1 0.002 -0.101 0.001) 
2 0.100 -o.oo2 -0.001) 
l 0.003 0.004 -0.000) 
l12 1 I •0.001 -0.101 ·0.002) 
2 I 0.102 0.001 0.001) 
1 I •G.002 -0.004 •0.000) 
$1 1 I 0.001 o. 176 0.006) 
2 I •0.176 -0.003 0.009) 
1 I 0.006 -0.04~ o.oo:n 
S2 1 I •0.005 0.180 -0.005) 2 I -o. 175 0.004 -0.012) 
l ( •0.007 0.042 0.0021 
01 1 
-o. oo1 0.195 0.001) 
2 •0.191 0.001 0.011) 
1 
-o. oo1 -o. oos 0.002) 





0.005 o.oo~ 0.0()2) 
oz •0.002 -0.061 0.032) 
<1.082 -o.ooo 
-0.084) 
•0.020 0. 117 0.002) 
06 •0.001 
-0.066 -0.028) 
o.08e o.ooo 0.083) 
0.020 -o. 111 0.001) 
01 1 0.004 -o. 074 0.038) 
2 0.062 o.ooe 0.0''>71 3 
-0.048 
-0.060 -o.o1:n 




0.050 0.062 -0.0114) 
Oll 1 
-o. oo4 -o. 065 -0.072) 
2 O.O')Z -0.004 0.002) 
l 0.073 -0.001 0.008) 
08 0.001 
-0.069 0.071 J 
2 0.059 -0.009 0.001 J l •0.071 0.004 0.008) 













0 0 0 
-0.70 
FORCE$ OUE TO INTERACTION BETWEEN EACH OF THE SUBLATTICES OF UNIT C~CES IN tO••·tO H 
K1 llt St 01 02 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1 
K1 
o.ooo o.ooo 0.000 0.000 o.ooo 
o.ooo 0.001 0.000 0.001 0.001 
•0.000 •5.396 3.729 3.654 ·5.547 
LII . 
0.000 •0.000 o.ooo 0.000 •0.004 
0.000 •0.000 ·0.001 0.001 ·0.006 
5.396 0.000 ·2. 498 44.150 •36. 713 
51 
·0.000 0.000 0.000 0.000 0.000 
o.ooo •0.001 ·0.000 0.003 0.002 
•3. 728 2.498 -0.000 •98.427 91.254 
01 
•0.000 0.000 0.000 ·0.000 ·0.001 
0.001 •0.001 ·0.003 ·0.000 ·0. 000 
•3.653 •44.150 95.427 ·0.000 39.957 
02 
·8.810 -25.291 86.817 11.635 28.099 
• ·10.616 31.232 •2.033 3.580 0.676 
1.549 12.237 •30.418 •13.319 ·0.001 
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ELECTRICAL FIELD IN V/A ELECTRICAL FIELD CRADIEHT IN V/A••2 
., CI<AACE • 1. 20 AT ( 0.0 0.0 0.0 -o.ooooo -0.00003 0.22821) -0.06105 0.00003 0.0 
0.00003 -0.06120 0.00003 
0.0 0,00003 0.12231 
•2 CHAACE • 1. 20 AT ( 0.0 0.0 4. J 12) 0.00000 0.00000 0.22824, -0.06097 0.00002 0.00000 
0.00002 -0.06112 -0.00005 
o.ooooo -o. oooo5 0.12225 
LII CHARCE • 0, 40 AT ( 0.0 2.96? 5.852) 0.00016 0.00017 -0.54537) -o. 15979 0.00024 0.00012 
0.00024 -o. 15942 0.000211 
0.00012 0,00028 0.31925 
Ll2 CHAACE • o.•o AT ( 2. 571 1 ... 8 .. 1. 570, -0.00016 -0.00021 -0.54534) -0.15953 0.00015 -0.00012 
0.00015 -0,15938 -0.00022 
-0.00012 -0.00022 0.31929 
SI CHARCE • 1.35 Al ( 0.0 2.969 2.535) -0.00002 -0.00025 1.01937) -0.92635 -0.00013 0.00004 
. •0.00013 
-o. 92633 -0.00026 
o. 00004 -0.00026 1.85302 
52 CHARCE • I. 35 AT ( 2.571 1 ... 54 6.8471 0. 00001 0.00021 1.01936) 
-o.n62a 0,00009 -0.00004 
0.00009 
-0.926"9 0.00001 
-o. oooo4 0.00007 1.85296 
01 CHA~CE • ·0.85 AT ( 0.0 2.969 3.967) 0.00002 -o.ooo23 5.17892) 5.39005 o. 00001 0.00002 
0.00001 5.39005 0.00055 
0.00002 0.00055 -10.78013 
05 CHARCE • ·0.55 AT ( 2. 571 1. "8" 8. 2791 -0.00002 0.00012 5.17552) 5.39025 0.00001 -0.00002 
0.00001 5.39005 -0.00042 
-0.00002 -0.00042 -10.78019 
02 CHARCE • ·0.70 AT ( 1.391 2.926 2.061) ... 18469 -o. 40673 -1.41435) -8.10557 o. 36394 4.55665 
0.36394 4.72201 -0.18960 
4.55665 -o. 18960 3.38340 
06 CHARC( • •0.70 AT ( I. 150 I. 527 6. 373, -4. 151154 0.40661 -1.41439) 
-8.10560 0.36352 -4.58665 
0.36382 4.72192 o. 18955 
-4.58665 0,18955 J.J8J47 
03 CHARC( • ·0.70 AT ( 4.484 4. 195 2.061 l -I. 74039 3.52139 -1.41438) 1.52993 5.37240 -2.12923 
5.37240 -5.21347 4.06701 
-2.12923 4.06701 3.35352 
07 CHARCE • ·0. 70 AT ( 3.229 0.255 6. J73l 1, 74036 
-3.82724 -1.41433) 1.82995 5.37231 2.12916 
5.31231 -5.21147 -4.06691 
2.12916 -4.06691 3.35345 
Oll CHARCE • -0.70 AT ( 4.409 1. 786 2.061) 
-2.44442 
-3.420914 •1.41433) 1 .200ll 
-5.73625 -2.45744 
-5.73625 -4.58317 -3.87746 
-2.45744 
-3.57746 3.35360 
08 CHARCE • -o. 10 AT t 3. 304 2.667 6. J7l) 2.44457 3.42092 -1.41438) 1.20017 
-5.73640 2.45750 
-5.73640 -4.58373 3. 87760 
2.45750 3.87760 3.383 .. 5 
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Appendix B. Comprehensive List of Input Cards 
B.l Input for Program GROUP 
Card 1 Comment 
Card 2 ~A, IP:\"1, IDC, ~CC, NX 
Card 3 (NA.\IE(I), I= 1,:\A) 
Card 4 Comment 
Card 5 ((A(I,J), I= 1,3), J= 1,3) 
Foreach of the :--lA + :"-iX atoms one card of the 
following type must be given: 
Card 6 TY, (X(I), I= 1,3), J:\l 
Card 7 (QS(I), I= 1,3) 
Card 8 ~IR, IT 
Card 9 Comment 
Card /0 (Q(I), I= 1,3) 
B.2 Input for Program NN 
Card I (IDIR(I), I= 1 ,3) 
Card 2 :\-;\S 
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B.3 Input for Program 1\1/0DELJ 
Card I (IDIR(I), I= 1,10) 
Card 2 (:VIASS(I), I= 1 ,:\IAXTYP) 
Card 3 ~ 
For Coulombinteraction only: 
Card 4 .D.MAX 
Only for interaction types containing atom-specific 
or general parameters ( see table 1) 
Card 5 ((IASP(I,J), J= 1,:\:IAXTYP), I= 1,;'\iASP) 
(IGP(K), K= t,XGP) 
:\ot for Coulomb interaction: 
Card 6 I J NS 
If interaction N contains interaction-specific parameters 
( see the table 1) for each of the NS shells a card of the 
following type must be given: 
Card 7 (IISP(I), I= 1 ,:\ISP) 
Further cards of type 6 and 7. 
The end of input for the interaction N (N * 5) 
is indicated by a card of type 6 with I= 0. 
Further interactions may be specified by repeating 
the input 3.-7. The end of the model set-up 
is indicated by a card of type 3 with N = 0. 
Card 8 (P(I), I= 1 ,NP) 
B.4 Input for Program HIST 
Card I NY:YIAX 
Card 2 (IDIR(I),·I = 1,20) 
Card 3 :\~IARK 
B.5 Input for Program SF 
Card/ H:\UN, H:\IAX, KMIN, KMAX, L\IN, L:\IAX 
Card 2 Q:\IAX 
Card3 (B(I), I= 1 ,:\:lAX TYP) 
Foreach of the :'vlAXTYP types of particles a card 
of the following type must be given: 
Card 4 I, (TF(K), K = 1 ,6) 
Card 5 T 
Card 6 F:\ORvl 
Card7 (IDIR(I), I= 1,10) 
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B.6 Input for Program PARDER 
Card I (IDIR(I), I= 1,10) 
Card 2 (DP(I), I= 1 ,:'\P) 
B.7 Input for Program ROTINV 
Card I QL 
Card 2 (IDIR(I), I= 1,10) 
Card 3 (:\'lASS( I), I= 1 ,.\lAX TYP) 
Card 4 N 
For Coulomb interaction only: 
Card 5 Dl\IAX 
Only for interaction types containing atom-specific 
or generaJ parameters ( see table 1) 
Card 6 ((IASP(I,J), J = 1,:\IAXTYP), I= 1,~ASP) 
(IGP(K), K = 1,:'\GP) 
~ot for Coulomb interaction: 
Card 7 I J ::\S 
If interaction ~ contains interaction-specific parameters 
( see the table I) for each of the :\S shells a card of the 
following type must be given: 
Card 8 (IISP(I), I= 1,::\ISP) 
Further cards of type 7 and 8. 
The end of input for the interaction ~ (~ * 5) 
is indicated by a card of type 7 with I= 0. 
Further interactions may be specified by repeating 
the input 4-8. The end of the model set-up 
is indicated by a card of type 4 with N = 0. 
Card 9 (P(I), I = 1 .~P) 
Other parameter sets may be considered by supplying 
additional cards of type 9. 
B.8 Input for Program EFG 
Card I (IDIR(I), I= 1,10) 
Card 2 (Z(I), I= I ,:\lAX TYP) 












[ 1 OI5] 
[8F10.6J 
(F10.6] 
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Appendix C. Alphabetical List of Subroutines 
The subroutines used in GROCP, developed by WARREN and WORLTON, arenot included. 
BL st?res the elements of the block diagonalized Dynamical Matrix into individual ma-
tnces. 
ß:\'IP calculates the force constants according to the Bom-,\1ayer potential. 
BOSE calculates the Bose-factor n'li. 
CCF calculates the (3 x 3) submatrices of Coulomb coefficients. 
CHECKT checks the translational invariance of the force constant matrix. 
C[\"S inserts complex (3 x 3) submatrices into a full (3~ x 3:'\) matrix. 
C:\ ILIST lists a complex matrix. 
C:\1:.\H.,"LT calculates the complex matrix product A = B C. 
C:\IQ equates two complex matrices. 
C:\ lZ complex matrix zeroing routine 
CP calculates the Coulomb contribution to a (3 x 3) submatrix of the Dynamical \Iatrix. 
CTOD changes the Dynamical :.vtatrix and related matrices from C- to D-defmition. 
CTR:\'SF calculates the symmetrical equivalent submatrices of the Dynamical \latrix. 
DIJ calculates the complete (3 x 3) submatrices of the Dynamical :\1atrix. 














calculates Debye-Waller factors. 
constructs the entire Dynamical :Vlatrix of dimension (3N x 3~). 
diagonalizes a complex hermitian matrix (L\ISL library routine). 
calculates eigenvalues and eigenvectors of the Dynamical :\1atrix. 
collects a string of characters which is needed for a histogram of dispersion curves. 
extends the vector IP of parameter numbers in case of the shell model in order to 
account for the non-hermiticity of the matrix for the core-shell coupling. 
calculates the local electrical field. 
calculates the (3 x 3) submatrix of the Dynamical \Iatrix on the basis of given lon-
gitudinal and transverse force constants. 
calculates the local electrical field. 
transforms the eigenvalues of the Dynarnical :\Iatrix to frequency scale. 
reads the symmetry coordinates from flle COORD. 
interprets the user input for the model specification. 





gets the actual parameter values for a particular interaction by decoding the infor-
mation contained in the vector IP. 
reads the temperature factors for one representative atom per atom type and calcu-
lates the temperature factors of symmetrical equivalent atoms. 
reads the atornic positions from ftle COORD. 
calculates the h~rrnitian matrix transformation A = B.,. C B . 
I:\IZ integer matrix zeroing routine 
f.\Df.\T deterrnines the total number of independent interactions. 
IREP deterrnines the irreducible representation of modes which have been rearranged by 
subroutine SORT. 
LE~GTH is a function and calculates the length of a .\'-dimensional vector. 
LEQTIC calculates the inverse of a complex matrix (I:VISL library routine). 
Lf.\E is a function and deterrnines the print-line corresponding to a particular phonon 
wavevector within a histrogram plot. 
LJP computes force constants according to the Lennard-Jones potential. 
\ID\1 multiplies the Dynamical :'-.1atrix by the mass-tensor. 
\lf.\S inserts real (3 x 3) submatrices into the full force constant matrix. 
\IODELX is called by SR DIJ and serves as a switch to a model pot~ntial number :'-.1. 
\IODX represents an integer by a bit-pattern. \10DX is used to deterrnine which interaction 
types are superimposed for modelling a particular pair interaction. 
\ITR:\SF calculates symmetrical equivalent submatrices of the force constant matrix. 
\IZ real matrix zeroing routine 
:\"BR analyzes the neighbourhood of a particular atom. 
:\"P\1 deterrnines the number of atom-specific and interaction-specific parameters for a 
given model potential. 
PCF displays the pair correlation function as a histograrn plot. 
PDRV calculates the partial derivates of phonon frequencies with respect to each of the 
model parameters. 
PHASE converts the Dynamical \latrix from D- to C-defmition. 
PRf.\Tt prints the model specification as the heading for an output !ist. 
PRL'iT2 prints the results of model calculations. 
PRf.\T3 prints the results of structure factor calculations. 
PRf.\T ..J prints the headings for structure factor output. 
PRI:\'T5 prints the headings for the results of structure factor calculations including the tem-
perature factors and the scattering lengths. 
PRf.\T6 prints the partial derivates of phonon frequencies. 
R.f.\ Y checks the rotational invariance of a given lattice-dynarnical model. 
ROl"":\D zeroes those matrix elements whose moduli are smaller than a given arnount. 
RSTO R 1 restores the pararneters of model calculations from ftle RESL"L T. 
RSTOR2 restores the results of model calculations from ftle RESL"L T. 
SELF calculates the self-term for the Oynamical :'-.Iatrix and related matrices. 










calculates the (3 x 3) submatrices for a particular pair interaction according to the 
shell model. 
calculates the polarization part of the Dynamical Matrix according to the shell model. 
rearranges the elements of a real vector according to their moduli. 
stores eigenvalues and eigenvectors. 
stores the parameters of model calculations on ftle RES "CL T. 
stores the results of model calculations on flle RESULT. 
deterrnines the nurober of different unit types of the given structure. 
computes the force constants according to the van der W aals potential. 
calculates the vector product c = a x b. 
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Appendix D. Subroutine Reference List 
In the following, for each program of UNISOFT (except GROUP) the required subroutines are 
listed. 
~D GETXX, INDINT, TYPE 
i'':'l EMPTY, GETXX, LENGTH, NBR, PCF 
:\'IODELI BL, BMP, CCF, CHECKT, CINS, C:VfLIST, C:Vf:VIL'LT, C:\lQ, C:\IZ, 
CP,CTOD, CTR::-.JSF, DIJ, DYN2, EIGCH, EIGEN, EXTIP, FC:Vf, 
GETDT, GETPAR, GETPM, GETXX, IMZ, HTRANS, LE:\"GTH, 
LEQTlC, UP, :\10M, MI~S. MODELX, MODX, MTRNSF, MZ, NP:'vf, 
PRINTl, PRINT2, ROUND, SELF, SHELLl, SHELL2, STOEIG, 
STORE!, STORE2, VDWP 
HIST EMPTY, GETXX, LENGTH, LINE, :\10DX, PRINTI, RSTORI 
RSTOR2, VPROD 
SF BOSE, DSF, DWF, FREQ, GETTF, GETXX, IREP, LENGTH, 
MODX, PRINT3, PRINT4, PRINTS, RSTORI, RSTOR2, SORT 
PARDER BMP, CCF, CINS, CMZ, CP, CTOD, CTRNSF, DIJ, 
DY::-.12, FCM, FREQ, GETDT, GETP:'vl, GETXX, HTRANS,I:'vfZ 
LENGTH, LEQTIC, UP, :VIDM, :\1INS, :VIODELX, :\10DX, 
MTRNSF, :\-fZ, PDRV, PRINTI, PRINT6, ROCND, SELF, 
SHELLl, SHELL2, RSTORI, RSTOR2, VDWP 
ROT~V BMP, CCF, CINS, C:VfLIST; C:'vlZ, CP, CTOD, 
CTRNSF, DIJ, DYN2, EXTIP, FCM, GETPAR, GETP:Vf, GETXX, 
IMZ, HTRANS, LENGTH, LEQTIC, UP, MDM, MINS, MODELX, 
MODX, MTRNSF, MZ, NP.\1, PHASE, PRINTl, RI::-.JV, ROCND, 
SELF, SHELLl, SHELL2, VDWP 
EFG CCF, CMZ, CP, FCCF, FCP, GETXX, :VfZ 
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Appendix E. List of Symbols 
As a general convention, bold printed capitalletters are used to denote matrices, while bold printed 


















































annihilation operator for a phonon state qj 
creation operator for a phonon state qj 
matrix of temperature factors of atom K 
scattering length of atom K 
matrix of Coulomb coefficients at wavevector q 
(3 x 3) submatrix of C(q) 
Dynamical :Vlatrix at wavevector q 
block diagonalized Dynamical Matrix 
(3 x 3) submatrix of D(q) 
contribution of interaction type m to D( KK' I q) 
radius of the n-th neighbouring shell 
matrix of eigenvectors 
eigenvector of the Dynamical Matrix corresponding to the phonon state qj 
eigenvector of the block diagonalized Dynamical .\fatrix 
eigenvector of atom K corresponding to the phonon state qj 
error function 
Debye-Waller factor of atom K 
Fourier transformed force constant matrix at wavevector q 
(3 x 3) submatrix of F(q) 
Coulomb part of F( q) 
(3 x 3) submatrix of fC(q) 
Fourier transformed force constant matrix for the effective core-core coupling 
Fourier transformed force constant matrix for the effective core-shell coupling 
Fourier transformed force constant matrix for the shell-shell coupling 
(3 x 3) submatrix of fS(q) 
Fourier transformed force constant matrix for the effective shell-core coupling 
Fourier transformed force constant matrix for the effective shell-shell coupling 
Fourier transformed force constant matrix for the core-shell coupling 
matrix of the self terms of FI'(q) 
(3 x 3) submatrix of fl(q) 
Fourier transformed force constant matrix for the shell-core coupling 
matrix of the self terms of F' ( q) 
(3 x 3) submatrix of F'(q) 
contribution of interaction type m to F(KK'I q) 
a-component of the force acting upon an atom (Kl) during a rigid rotation of the 
who1e crystal around the ß-axis 
reciprocal lattice vector 
order of a symmetry group 
element of a symmetry group 
symmetry group of the wavevector q 
tensor of electrical field gradients 
local electrical field 
Planck constant (6.626 10- 34 Js) 
hi21t (l.05510- 34 Js) 
Hamiltonian 
Hamiltonian for one particular phonon state qj 
energy transfer in neutron scattering experiments 
unit matrix 
diagonal matrix of intraatomic core-shell force constants 
core-shell force constant within tbe same atom K 
Boltzmann constant ( 1.381 1 o- 23 JK -I) 































V 5( Kl, 1< '1') 
V5R( xl, x'l') 
VT(xl, x'l') 
vr ( xl, x'l') 
V 












loncitudinal force constant 
Iab~i different primitive cells 
mass-tensor 
mass of atom 1< 
neutron mass 
nurober of atoms per primitive cell 
Bose-factor corresponding to the phonon state qj 
parameter vector corresponding to a particular model 
variation of p 
momentum of atom (Kl) 
electric dipole moment of atom (xl) 
parameter for the Ewald-summation . 
scattering vector (the only exception from the above convenhon) 
phonon wavevector 
small increment of q 
modulus of Öq 
phonon state · 
normal coordinate corresponding to the phonon state qj 
vector in real space 
modulus of vector r 
position vector of atom (xl) 
equilibrium position of atom (Kl) 
rotational matrix corresponding to a symmetry operation 
symmetry operation 
coherent scattering function 
coherent scattering function due to the interaction 
of a neutron with a single phonon state qj 
transverse force constant 
temperature 
time variable 
component of the tensor of temperature factors BK 
displacement vector of atom (xl) 
force constant matrix for the interaction between atoms (xl) and (x1') 
force constant matrix for the shell-shell interaction 
between atoms (xl) and (x1') 
force constant matrix for the short-range core-core interaction 
between atoms (xl) and (x'l') 
force constant matrix for the core-shell interaction 
between atoms (Kl) and (x'l') 
force constant matrix for the shell-core interaction 
between atoms (xl) and (x1') 
fractional translation of a symmetry operation 
potential energy due to the interaction between atoms (xl) and (x'l') 
prefactor for model potentials 
volume of the primitive cell 
displacement vector of the electron shell of atom (Kl) 
with respect to its equilibrium position 
relative displacement vector of the electron shell of atom (Kl) 
\Vith respect to corresponding core-position 
matrix of symmetry coordinates 
charge of the ionic core of atom 1< 
matrix of shell charges 
charge of the electron shell of atom 1< 
matrix of ionic charges 
charge of ion 1< 
polarizability of the free ion x 
~ ~ -d~ensional. representation of a symmetry group 
rrreduc1ble multlplier representation no. i 
Kronecker-symbol 
vacuurn perrnittivity (8.854 I0- 12 As(Vm)-1) 
label atorns within a primitive cell 
= w'll/21t, frequency of the phonon state qj 
variation of frequency v 










variation of squared frequency v2 
charge distribution representing the ion K 
sum 
short range repulsion parameter of atom K 
character of a representation 
frequency of the phonon state qj 
variation of the frequency co 
variation of the squared frequency w2 
complex conjugate 
hermitian conjugate 
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